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ABSTRACT
The investigation was conducted with four iron ores 
which, after grinding and compaction, were sintered at 
elevated temperatures to give constant porosity* The rates 
of reduction were determined at 550, 750 and 105C°C, using 
hydrogen/argon, hydrogen/steam and hydrogen atmospheres.
The results from the last series of tests were treated so as 
to determine, apparent activation energies*
Reduction was also effected isothermally in controlled 
hydrogen/steam reduction atmospheres, to each of the lower 
iron oxides and iron. The changes in specimen volume, 
microstructure and compressive strength at temperature, 
resulting after each reduction step, were determined over the 
temperature range 550-1050°C*
The three high grade ores underwent volume increases 
on reduction to magnetite, the magnitude of which was 
dependent on the reduction temperature. Associated with 
the volume change was a large decrease in the compressive 
strength. Microscopic examination revealed that the 
magnetite growth pattern changed as the reduction temperature 
was increased, and that reduction was accompanied hy serious 
cracking, with only a slight tendency for the formation of 
porous magnetite*
Reduction to wustite and iron of Stripa and Kiruna ores 
was accompanied by a decrease in the volume expansion
compared with reduction to magnetite, whilst Conakry ore 
underwent greatly increased expansion. The compressive 
strength was decreased because of the inherent weakness of 
both wustite and iron, which readily deformed plastically at 
mod erate t emperatures.
The low grade ore, Oxfordshire, differed from the high 
grade ores in that the iron-bearing materials were calcium 
ferrites. The specimens after all reduction stages showed 
a contraction. The reduced specimens suffered a less 
significant decrease in the compressive strength, due both 
to negligible cracking and the presence of a large volume of 
relatively strong slag reinforcing the weak plastic wustite 
and iron.
The probable influence of the structural and strength 
changes during reduction of iron agglomerates in the blast 
furnace has been suggested.
The work was carried out in Department of Metallurgy 
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the sponsorship of the Science Research Council.
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Steel is the basis for technological development which 
is so essential for the improvement in the wealth of any 
country. Besides the inauguration of new steel industries 
in developing countries, the so-called technologically 
developed countries are finding it necessary to produce more 
iron and steel cheaply and efficiently, so as to remain 
competitive. This desire to produce steel more cheaply' 
has led to massive expenditure on research to develop new>,: 
and improve .old methods of production. During the last- 
twenty years, tremendous interest has been shown in the 
modernisation and improvement of steel making processes.
The notable achievements have been the introduction of 
oxygen steel mailing, and the development of the electric 
processes. The iron making part of the industry has tended 
to remain in the twilight.. However, this is now changing, 
and the reduction of iron ores to metallic iron is the 
subject of a great deal of research at the present time.
The purpose of this research is to either develop 
existing processes so that they become more efficient and 
productive, or to develop new processes which may have 
little or no resemblance to existing methods. The 
efficiency of any process is controlled by many factors; 
however, the two main ones are the equipment in which the 
process is carried out and the type of material which is 
undergoing reduction. Whilst many people have dreamt of
1 . INTRODUCTION
devising new methods of iron production, by far the greatest 
amount of work has been carried out in trying to improve 
the blast furnace smelting process. In addition to the need 
for increased production, it has become necessary to reduce 
the amount of coke that is used to produce the iron, because 
of the cost of high quality metallurgical coke, and also due 
to this coke becoming scarce. This decrease in coke rate 
has been accompanied by changes in the process and also the 
burden which is fed into the furnace.
During the past twenty years, improvements have been 
made to the basic blast furnace smelting process. These 
improvements have involved alteration of both the blast 
furnace, and also the mode of operation. Alterations of 
blast furnace construction include the increase in the size 
of the blast furnace, which will itself increase output, and 
improvements in refractoi'ies which have allowed the furnace 
to operate at higher temperatures and for longer campaigns 
between relining. This improvement in refractories has 
also meant that the blast heating stoves can operate at 
higher temperatures, so allowing superheated blasts^ vJ to 
be fed to the furnace with an associated decrease in coke 
rate and increase in production. Because coke not only acts 
as a reductant, but also as a supply of heat in the blast 
furnace, it has become necessary to inject fuel into the 
furnace so as to replace the coke, but still maintain the 
overall heat input. The fuel is generally injected through
the tuyeres. All types of fuels have been tried as 
replacements for coke. These include the injection of 
coal^~8\  fuel oil^“^  , natural gas^8’^ 0  ^and coke oven
('I']')gasv . With most of these injectants it was found 
necessary to increase the blast temperature, or else enrich 
the blast with o x y g e n ^ . A further means of improving 
the process has been the introduction of the use of high 
top pressure^’8’1Z)*\ All the above improvements have been 
made to the actual furnace; however, there has been a great 
deal of interest in improving the burden which is fed into 
the furnace.
The requirements of the burden are directly related to 
the needs of the blast furnace to operate efficiently, and 
include the need of easy reduction and the easy formation of 
a liquid slag which can be tapped from the furnace. A very 
important requirement of the burden is adequate mechanical 
strength, so that the large column of burden in the stack of 
the blast furnace does not collapse and so decrease the 
effectiveness of the rising reducing gases. The problem of 
burden strength became more acute as the coke rate was 
decreased, for besides acting as reductant and fuel, the coke 
had very good mechanical strength so that a large proportion 
of the weight of burden was supported by the coke. The 
general reducibility of the burden, i.e. the ease with which 
the ore is reduced to metallic iron, has been increased after 
intensive research into the kinetics of iron ore and iron
For many years * the actual reactions and changes that
occur during the reduction in the blast furnace have
interested investigators* Since the blast furnace is such
a large piece of equipment, it has become necessary to try
and simulate blast furnace conditions in the laboratory, so
that improvements could be tried before large scale
application to the actual furnace* Initially, isothermal
(15 16)reduction tests were carried out on ores^  ’ * However,
it was found that there was poor correlation with actual
blast furnace performance. Better correlation was obtained
(17-20)with rising temperature testsv ( Further
investigations(21-27) 0p a more fundamental nature, have 
determined the solid state and gaseous diffusion mechanisms 
that control the rate of reduction of iron oxides and ores.
The results from these investigations have given a 
more complete picture of the reduction reactions, and have 
allowed better predictions as to the behaviour of materials 
in the blast furnace, or in other processes of reduction.
The reducibility standards obtained from these investigations 
have continuously been raised, so as to obtain higher 
efficiency in the blast furnace*
Associated with the increase in the reducibility of 
the burden has been the desire to increase its strength.
It is very unfortunate that many of the factors which increase 
strength cause a significant decrease in the reducibility*
oxide reduction.
2 1 .
Poor strength is characterized by breakdown during handling, 
excessive abrasion in the stack, and siid&en softening in the 
bosh. All, or any of these factors contribute to poor 
reducing gas utilization, due to decreased permeability, high 
dust losses and irregular furnace working. These effects 
all tend to decrease output and increase the coke rate, ancl 
it has therefore become necessary to control the physical 
properties of the burden.
Initially, the strength of the burden was studied with 
special interest in the behaviour during handling and storage. 
Basically, two types of test were devised; the first, a 
tumble test, measured the resistance to abrasion, and the 
second was an impact test to simulate charging of the 
material into the furnace. Prom these tests, two strength 
indices were obtained which gave a measure of the abrasion 
resistance and the impact strength of the m a t e r i a l .
These tests have been supplemented by compression tests^^~/4'^ , 
which are generally used with uniform agglomerates, such as 
briquettes and pellets. The results obtained from these 
tests were applied in practice with an associated improvement 
in furnace performance. This was only possible after it 
had been shown that the results could be used to predict the 
behaviour and the increase in performance that would be 
obtained in the furnace, by means of furnace t r i a l s ^  
Prom these tests of room temperature coherency, burdens which 
had increased abrasion resistance and lower amounts of
degradation, reduced the amount of fines entering the 
furnace, resulting in lower dust losses and increased 
permeability of the burden.
As the difficulty of poor strength at room temperature 
was overcome, so the problem of sudden collapse of the 
burden in the bosh became more serious. Before the problem 
could be solved satisfactorily, tests had to he devised which 
could predict the behaviour in the furnace. The softening 
behaviour of ores was studed by various techniques'^ »4-3,47-50 
most of which were based on refractoriness under load, which 
had been used in the study of the behaviour of refractories 
at elevated temperatures. These tests measured the 
incipient softening temperature, the softening range and rate 
of the ore or agglomerate. Associated with these tests 
were mineralogical examination and chemical analysis, and 
it was concluded that the high temperature behaviour of the 
materials was closely related to the presence and amounts of 
slag producing phases, i.e. lime, silica, alumina and 
ferrous o x i d e *21-55)  ^ j-j- was aqso established that
agglomerates possessed properties superior to those of lump
^ « ( 4 8 )  ores' '.
The results of these tests showed that, in many cases, 
it would be advantageous to blend ores so as to obtain the 
required softening characteristics. The superior 
properties of agglomerates, normally sinter, also produced 
new interest in the idea of using a high percentage of
agglomerate in the burden. It is nearly forty years since
interest was first shown in agglomeration. The first
agglomerating process of industrial importance was
sintering(56) # ^ little later, a second process, palletizing,
was invented by Dean^^, and developed by the University of
Minnesota^®\ Although the benefits of agglomeration were
significant, the introduction of agglomerates in the feed
of the blast furnace took a very long time. Great interest
was shown in agglomeration when the supply of high grade
lump ore was insufficient to meet the requirements of the
iron-making industry of the world, which meant that lean ores
had to be used. There were also large quantities of rich
ores in a physical state unsuitable to be used directly in
the blast furnace, and initially these materials were
sintered and then charged to the blast furnace. The process
was further developed to produce self fluxing sinter in which
fluxes, normally added to the blast furnace, are mixed with
(52 55 59)the ore before sinteringw  t The use of sinter as
blast furnace burden has increased from 32 million tons in 
1944^ 0) _^o 230 million tons in 1964. This figure represents 
50% of the total iron ore production of 573 million tons in 
1964^80\  In some cases, there are blast furnaces operating 
with 100% sintered burden^
Although the sintering process can utilize fine ore 
and dust, there has been a gradual increase in the amount of 
material which cannot be efficiently sintered. It has
become economic to mineral dress ores, and produce very fine 
concentrates, xtfhich are unsuitable for sintering due to 
excessive dust loss. It is possible to pelletize very fine 
concentrates, and as a result of plant trials in 19 5 1^ ^ \  
pellets became a commercial proposition. The increase in 
the production of pellets has been very rapid, from a mere 
1 . 6  million tons in 1954^4') to 49 million tons in 1964. 
Various predictions have been made as to the likely future 
pelletizing capacity. World capacity was 62 millions tons 
in 1966^ ^  , and is expected to increase to 221 million tons 
by 1975*
The abundance of fine material provided the incentive 
to study the use of pellets as a burden for the blast 
furnace. However, the main reason for the rapid expansion 
in pelletization was that pellets generally had superior 
properties to both sinter and ores. Prom a physical view­
point, pellets invariably have a larger effective surface 
area per unit weight, a more open pore network^^, and are 
usually of uniform size. The pellets usually have a 
spherical and more regular shape, which allows even 
distribution of the burden, and consequently permits uniform
gas flow, better utilization of reducing gases, and lower
( 4 4  6 5 )pressure drop in the furnace ’ . The chemical advantage
of pellets are that they have a high iron content In terms 
of furnace v o l u m e a n d  a higher degree of oxidation^ .
Although pellets have superior properties to sinter or
ore, a great deal of interest has been shorn in trying to
improve their properties, and also to increase the range of
materials which can be pelletized. An extensive study has
( 5 9  4 1  5 4  0 7 )been made of the bonding mechanisms' 1 1 'y. This work
has made it possible to pelletize hematite concentrates*^^, 
and low grade iron ores, by modified techniques'^. In 
recent tests^^ it has been shown that it is possible to 
pelletize mixtures of ores. Initially, pellets could only 
be produced from very fine powders; however, it is now 
possible to produce pellets from material of similar size to 
that used for sintering*^^. As with sintering, there has 
been interest in the production of fluxed pellets.
Initially, flux was added to the fine ore, and then the green 
pellets were fired. However, on firing, th© pellets tended 
to melt and agglomerate, due to the presence of low melting 
point phases. This difficulty has been overcome by 
producing a highly basic small green pellet, which is then 
coated by unfluxed fine ore^^\ On firing, the centre of 
the pellet is fluid and coats the inside of the solid shell 
of unfluxed ore. Fluxed pellets produced by this method 
have very good reducibility and strength.
An important part of the process of pelletizing is the 
induration at elevated temperatures of green pellets, so as 
to produce a strong pellet. Considerable interest has been 
shown in the possibility of caiLsing reduction to take place 
at the same time as hardening.
Throughout the history of iron smelting, many people
have tried to devise new processes which could compete
economically with the blast furnace. Various
p r o c e s s h a v e  been invented during the last
decade to reduce iron ore pellets to form sponge iron.
There are many choices for the utilization of pre-reduced
iron ore pellets^^5^ 8^. Trials have taken place that show
that it is economical to introduce metallized pellets as a
(79—82)part of the feed to the blast furnacew  ^ . Further trials
have shown that pre-reduced pellets are an excellent feed
for steelmaking, both by oxygen processes^ ^J and electric
(84-86) arc processes'-
Although many of the problems have been solved, there 
are still difficulties to be overcome before the maximum 
economical production of iron in either the blast furnace or 
other processes can be achieved. The main difficulty with 
the blast furnace is the severe decrease in strength of the 
burden as it undergoes reduction. This problem is less of 
a problem with other smelting processes because of the lower 
strength requirements of the feed. Laboratory tests have 
been developed, which can measure the strength of 
agglomerates under reducing conditions '^ ' 7 0 Investigations 
have been carried out, which have studied the changes in 
strength^^3^ 8^ ,'7,8t5“*^ ^^  and the swelling^^**"^^ caused by 
reduction. From the results of these investigations, it seems 
timely that an investigation of a more fundamental type, should 
be carried out to determine the effect of reduction on the 
mechanical properties of sintered ores.
2. REVIEW OP PREVIOUS WORK
Two general types of research have been carried out.
Many investigators have studied the reduction behaviour of 
pure iron oxides, both as single crystals, and polycrystalline 
specimens, under ideal reducing conditions. The second type 
of research has been the study of iron ore, sinter and 
pellets under reducing conditions similar to those in 
commercial smelting processes. Knowledge gained from both 
types of research is used to try and improve the ease of 
reduction and the strength after reduction of commercial 
burden materials. In recent years, interest has been shown 
in the effect of the addition of pure compounds,or 
synthetic slags on the reduction of iron oxides.
2.1. Structural Changes Associated with the Reduction of
Iron Ores
Prom previous work it has been established that, during 
reduction, iron oxides and iron ores undergo structural 
changes, the extent of which varies for different materials, 
and also depends on the reduction step involved. It is 
convenient to classify the structural changes into three 
categories, based on the scale of the change ;
1 ) Changes in crystaliographic structure.
2) Changes in microstructure.
3) Changes in macrostructure.
The majority of iron ores consist of iron oxides 
admixed with various impurities which form slags at elevated 
temperatures. The iron oxides are usually hematite (Fe^ O^ ), 
magnetite (Fe^O^), or a mixture of both, with crystallograplqic 
structures which have been shown to he networks of oxygen
oions, whose atomic radii, are approximately 1.4 A , with 
interstitial fex\ric or ferrous ions, whose atomic radii are
o0.6 and 0.8 A respectively. There are three crystallographic
modifications of hematite^^ , the most stable of which is
a hematite. The other modifications, y and 5 hematite, are
not important in this work because they are only formed at
low temperature oxidation or dehydration. a hematite has a
rhombohedral type structure, but for convenience, has been
regarded as a slightly distorted hexagonal close packing of
oxygen ions, in which two thirds of the octahedral sites are
( 9 4  9 5 )filled with ferric ions ’ . The dimensions of the
pseudo hexagonal unit cell have been found to be aQ 5*317 
and c0 13*737 A^^\ with a c/a ratio of 2.7 3*
Magnetite, according to Verwey et and more
(98)recently, Bastaw  , consists of a cubic inverse spinel 
structure, in which the oxygen ions have a close packed 
cubic configuration. The ideal unit cell consists of 32 
oxygen ions with a face centred cubic arrangement, with one 
eighth of the 64 tetrahedral sites and half the octahedral 
sites occupied by both ferric and ferrous ions. At
2.1.1. Changes in Crystaliographic Structure
stoichiometric composition the tetrahedral sites contain 8
ferric ions, while the octahedral sites contain a random
distribution of 8 ferric and 8 ferrous ions. Above 750°C,
there is a tendency for departure from stoichiometry in which
there is an increase in the ratio of ferric to ferrous ions,
(99)the lattice having excess oxygen ionsv- .
Wustite has a face centred cubic lattice of the sodium
chloride type, consisting of a network of oxygen ions, with
the iron ions occupying the octahedral sites. Wustite can
exist over a composition range from 2 3 . 1 to 25®6 wt.% of
oxygen^ 00 ’ , whilst still having the basic lattice^0^”^ .
This range of composition, which does not include the normal
composition of wustite (PeO), requires the wustite lattice to
have a high concentration of vacant cation sites^00\
Wustite under equilibrium conditions, is unstable at
temperatures below 570°C, decomposing eutectoidally to
magnetite and a iron. Himmel^4^ ^ has found that as the
oxygen content of the wustite increases there is a greater
amount of magnetite formed on cooling with very little iron.
They suggested a large difference in the precipitation rates
of magnetite and iron was the reason for so little iron.
It has been shown to be possible that on quenching, wustite
( 94-)can remain at temperatures less than 570°(' .
Prom the previous brief description of the iron oxide 
lattices, it Is apparent that an iron ore containing these 
iron oxides will, during reduction, undergo both a change in
chemical composition and also a change in crystaliographic 
structure.
The reduction of hematite to magnetite involves a
decrease of 2.9 at.% oxygen content, and also a lattice
transformation from rhombohedral to cubic structure. It has
been reported that this crystallographic change can cause
(94 105)considerable stress at the reduction interface^ 9 '. The
crystallographic changes in the diffusion layers of hematite
which has undergone reduction at 400°C in hydrogen, have
been studied^88  ^, and it was concluded that as oxygen was
removed from the hematite surface, the excess iron ions
diffused into the subjacent layer and filled the octahedral
sites, so creating a transition structure. This structure,
unstable as more iron ions diffused, subsequently transformed
(107)into the cubic magnetite structure. A recent investigator 
has stated that the hematite to magnetite transformation is 
epitaxial, and associated with dislocations. The orientation 
of magnetite, produced by thermal dissociation of hematite, 
has shown a preferred orientation, in which the (1 1 1 ) and 
(1 1 0 ) of the magnetite were parallel to the (0001) and (1 1 )0) 
of the hematite^88^. This is the same relationship that 
had been sliown^8<^  to be associated with the oxidation of 
magnetite to hematite.
The reduction of magnetite to wustite is associated 
with only a small change in the crystallographic structure, but 
a large change in chemical composition with a decrease in
oxygen content of slightly less than 7 at.%.
Goldschmidt^*"^ attributed the small crystallographic
change to the fact that both magnetite and wustite have a
(104)cubic lattice. According to another investigator' ', only 
minor shifts of iron and oxygen ions are required to form 
wustite, and that there is almost complete registry across 
the matching (100) planes of the two lattices. The revers­
ibility of the transformation, without break up of the 
crystal structure, has been shown by the repeated reduction 
and oxidati on^  ^  ^ ) #
As with the reduction of magnetite to wustite* the 
reduction of wustite to iron is associated with a large 
change in chemical composition and only a small change in 
crystallographic structure, since both have a cubic lattice.
With iron ores, it is possible to have iron bearing
materials other than hematite and magnetite present. The
presence of calcium oxide in the ores is often associated
with the formation of calcium ferrites, produced by the
( 3 5  38 35 1 1 1 —2 )chemical reaction of hematite and calcium oxide '
either in nature or on subsequent heating. Three calcium
ferrites have been identified^CaO.T^O^, 2GaO.Fe20 ?^
both of which have an ortho rhombic type structure, and
Ga0.2Fe^0^ whose structure has not been determined. In
dicalcium ferrite the b axis consists of alternate layers of
oxygen tetrahedra and octahedra with calcium ions located
(•"] "U l )in cavities in the oxygen network ' . Whilst the mode of
reduction of calcium ferrites has been put forward, the 
crystallographic relationships between the ferrites have not 
been determined.
2.1.2. Microstructural Changes
Microscopic examination of reduced iron oxides and ores 
has only recently received the attention that it deserves.
Two basic types of reduction tests have been carried out by 
many investigators. These tesfis are,firstly, stepwise 
reduction in which the iron oxide is reduced to lower iron 
oxides in individual steps, and the second type of test, in 
which the reduction to iron ,is carried out in a single test. 
Often specimens from these tests are quenched so as to 
determine the amount and distribution of the various lower 
iron oxides. The step-wise reduction has been mainly 
carried out on pure oxides, whilst the second type of test 
has been carried out on iron ores: .and iron oxide with 
additions. The microscope has now become a very useful 
tool with which to follow the progress of reduction, and 
establishing the nature of the physical mechanisms involved.
a) Reduction of Hematite in Ores and as Pure Iron Oxide
One of the first investigators to incorporate the use of
( 9 4 )the microscope in the study of reduction was Edstronry '.
His first investigation consisted of the partial reduction of 
single crystals of hematite in both carbon monoxide and
carbon monoxide/carbon dioxide atmospheres. This study- 
revealed that all three reduction products - magnetite, 
wustite and iron - were highly porous and extensively 
cracked. The practical significance of these results 
prompted Edstrom to study the reduction of both single crystals 
of hematite and iron ores in hydrogen, as well as carbon 
monoxide atmospheres, over a wider temperature range.
This work revealed that hydrogen and low temperature 
reduction both favoured the formation of „a finely porous 
product, whilst carbon monoxide and high temperature both 
favoured a coarse pore formation. The pores, which were 
later found to be an inherent part of reduction, were 
elongated and connected so as to be permeable to the reducing 
gases. It was also found that for both natural ore and 
single crystals the micro-cracking was more extensive as the 
reduction temperature was decreased from 800 to 600°0. 
Edstrom^^ suggested that the formation of pores was due to 
excess defects in the oxide lattice.
The presence of elongated pores has been shown in the
reduction of Malmberget pellets' . However, other
investigators have shown the presence of pores which were
not elongated in the case of reduction of a hematite
o r e ^ ^ ’^ ^ \  a hematite concentrate^^ and natural and
(117 118)synthetic hematite briquettes' { 9 . A more recent
investigation of the reduction of polycrystalline 
hematite^^9 has shown that at low temperatures of
reduction the pores tend to be spherical and randomly- 
distributed, but as the reduction temperature is increased 
the pores tend to be elongated, larger, and are parallel to 
the magnetite growth. On further increase in reduction 
temperature, the microporosity decreased until, at 1000°C, 
there was no evidence of any microporosity. In this investi­
gation, the effect of added synthetic slags was also studied. 
It was found that the addition of slag appears to affect the 
nature of the pore so that at both low and intermediate 
temperatures of reduction (up to 850°C), the pores are 
spherical, whilst at higher temperatures the pores tend to 
be directional.
A thorough examination of reduction pores was conducted 
by Themelis and C-auvii© ’ J in order to corroborate an 
assumption made in their proposed mechanism of hematite to 
magnetite reduction. The assumption was based on the idea 
that, as the oxygen was removed from the lattice, so permeable 
micro-pores were formed. The investigators ensured, as far 
as possible, that the pores on reduction were not associated 
with any inherent defects in the original hematite lattice,
By meticulous electron microscopic examination of the 
material before and after reduction, they confirmed the 
absence of any pores or fissures in the hematite, and the 
presence of permeable channels in the reduced product. 
Although the pores did not show any directionality, they were 
fewer and larger at higher reduction temperature, as reported
by other investigators^^5^ 9^ 118) ^ Themelis and 
Gauvin attributed this effect to the rearrangement of the 
iron skeleton at high temperature to form large stable 
crystals of iron, causing.the number of pores to diminish 
but to be of greater size.
The amount and size of pores produced after the
complete reduction of dense hematite compacts by hydrogen 
were measured by W a r n e r T h e s e  results show that the 
porosity increased in the order of 45%? which is in close
agreement with the value of 41% increase in porosity
(114) (27)determined by Jarike and Bogdandy' '. Warner' (J showed
that the temperature of reduction in the range 650 to 950°G
has a negligible effect on the increase in porosity, but a
very significant increase in the size of pores produced.
Microscopic examination of reduced specimens, besides
showiiig the formation of pores, has also revealed the nature
of the interfaces separating the various reduction phases.
(115 116)During the reduction of lump ore by hydrogen 9 , the
interfaces were seen to be distinct boundaries, which
normally penetrated the specimen in a topochemical manner, 
parallel to the original specimen surface. In the case of 
low temperature reduction, the uniform advance of the 
boundaries was disrupted by the presence of cracks which 
tended to allow preferential reduction along the edges of the 
cracks. Similar breakdown of uniform reduction fronts, due 
to cracks, has been rejjorted^^9^ ^  during the reduction of
synthetic hematite pellets.
Under low power magnification the interfaces appeared to
be perpendicular to the main reduction direction, and also
uniform in penetration; examination of specimens at higher
magnification revealed irregularities along the
interface^^'’^ 1'7’^ ^ . Most of these irregularities could
he explained as being associated with micro-fissures and pores
However, it was first noted by Edstrom^^^ that, in some
specimens, the magnetite tended to protrude into the hematite
beyond the general reduction front. In a recent 
( H Q  1 2 0 )investigation v * 9 J, basically two types of reduction front 
have been revealed. The first,generally associated with low 
temperature reduction, consisted of growths initially 
hemispherical, which subsequently joined together. With 
reduction carried out at high temperatures (1000°G), long 
magnetite growths are formed, whereas at approximately 750°C 
an irregular growth front, intermediate between the two 
patterns is formed. Basically similar reduction fronts are
obtained with the reduction of polycrystalline hematite with 
added synthetic slag^^* By some investigators^it
is thought that many of the differences are due to the 
different hematites, which although having similar physical 
properties, showed marked differences in their reduction 
behaviour.
The previous sections have reviewed the microscopic 
features of the reduction of both iron oxide and iron ores
that contain hematite as the main iron hearing material.
Important iron bearing materials found in ores and
agglomerates are calcium ferrites. In many cases, calcium
oxide is added to ores so as to produce an easily melted slag
on smelting. However, a more recent reason for the
addition of calcium oxide has bc*en the formation of c.alcium
ferrites as bonding materials which help to increase the
reduction strength of the agglomerates, without seriously
reducing the redueibility of the agglomerate. Aninvesti-
( 1 1 2 )gation carried out by Edstroirr ' on synthetic pellets of
hematite and added lime, produced by Uggla and Ilmoni^*^,
showed that during reduction these pellets remained
relatively dense. Further work studied by Edstrom was the
(124)reduction of synthetic compacts of calcium ferritesv J _
which verified that the reduced compacts were still dense.
He was also able to postulate reduction mechanisms for the
three binary calcium ferrites. He indicated that dicalcium
ferrite underwent a single step reduction directly to iron
and lime; however, the other ferrites, calcium monoferrite
and calcium diferrite, both imderwent complicated reduction
(125)steps. A further investigation by Hansen^ confirmed 
that dicalcium ferrite was reduced directly to iron. He 
postulated that the other ferrites reduced to dicalcium 
ferrite and wustite, which then both reduced directly to iron 
The reduction rate controlling step being the iron/ferrite 
and iron/wustite interface. This controlling step was also
confirmed by an investigation into the reduction of bond 
materials in agglomerates^^8\
A study of self fluxing sinter^2^  confirmed the 
reduction processes of calcium ferrites. However, a further 
investigation, in which the reduction of synthetic
( 128 )briquettes of hematite with small additions of lime' , 
failed to detect any difference in the reduction porosity of 
hematite and hematite/lime briquettes. Although similar 
amounts of lime were added as those used in Edstrom's 
investigation^^’\  the hematite consisted of pure laboratory 
grade hematite in the case of Seth and Ross^^8\  whilst 
Edstrom used a pure hematite ore. Seth and Ross^^8'* also 
showed, by means of metallography, that it appears that 
wustite is unstable in the presence of lime, tending to 
produce dicalcium ferrite which will reduce directly to iron 
liberating the lime to react with more wustute, The fact 
that lime will react with wustite at all temperatures has 
been shown by Vhite^^^.
The effect of alumina on the reduction of iron ores 
has not been studied to any significant degree. Work has 
been carried out in which'the thermal decomposition of 
hematite containing alumina was compared with the thermal 
decomposition of pure h e m a t i t e ^ , This investigation 
showed that it was possible for up to 32% alumina to go into 
solution. It was found that the decomposition temperature 
of the hematite/alumina solid solution was the same as for
pure hematite. Whilst the hematite decomposed, to magnetite, 
the solid solution formed a single spinel. The effect of 
alumina on the mineralogy of self fluxing sinter' y ? was that 
the amounts of calcium ferrites tended to increase and the 
amount of low reducibility siliceous compounds decreased.
On increasing the amount of alumina present, there was a 
tendency to produce Brownmillerite which has a low 
reducibility.
(b) Reduction of Magnetite
The first investigator who used microscopy to study the
(132 133)reduction of magnetite was Wiberg' y The work was
carried out on single crystals of Kiruna magnetite reduced in
carbon monoxide or hydrogen at 1000°0. It ivas found that
the wustite produced was dense, whilst the iron was highly
(94)porous. A further investigation by Edstrom'y ' showed that, 
under high magnification, wustite formed by reduction with 
carbon monoxide was dense; the wustite produced by hydrogen 
had a small amount of porosity. This investigation also 
showed that the magnetite reduced directly to iron below 
600°0. The iron tended to be severely cracked, so allowing 
ready access by the reducing gas. These investigations 
further shoxved that the reduction rate of dense magnetite 
was slower than the magnetite produced by reduction of 
hematite. The explanation put forward far this effect was 
that in practically all cases the magnetite produced by
reduction of hematite was cracked and porous, which tended 
to allow easier access of the reducing gases. Whilst the 
effect of slag on the reduction of magnetite has not been 
investigated, the effect of three cations on the reduction 
of magnetite by hydrogen has been studied'  ^'. It was 
found that univalent cations tended to increase the rate of 
solid state diffusion of ferrous ions in wustite, whilst the 
presence of trivalent ions decrease the rate of diffusion.
It was found that the rate controlling factor was the wustite/ 
iron interface.
(c) Reduction of Wustite
The microstructural changes associated with the
reduction of wustite have been studied by Richardson and
Dancy^^\ who found that the reduction of a wustite layer
on an iron sheet by hydrogen, produced iron which grew on the
iron substrate. They attributed this effect on the
diffusion of iron ions from the gas/wustite interface to the
wustite/iron interface. This mechanism would only apply
to ores and agglomerates if the material already contained
iron particles on to which the iron from reduction could
grow. Many investigators have stated that the slowest
reduction step in the reduction of hematite to iron is the
(2 2  156 157 )wustite to iron reduction 9 ’ , and that the rate is
controlled by the area of the wustite/iron interface. It 
is to be expected that a cracked and porous wustite will tend
to reduce faster than wustite, which is relatively dense, 
because of the large increase in surface area, and also ease 
of access by the reducing gases.
2 .1 .3* Macrostructural Changes
Macroscopic cracking was initially observed in the
(15)reduction of iron ore cubes by both hydrogen ' and carbon
monoxide^^8\  It was found that only one dense hematite
cracked in hydrogen, whilst with carbon monoxide most of the
ores suffered severe cracking. These investigators
postulated that the cracking was due to the deposition of
carbon within the ore by catalytic dissociation of the carbon
monoxide. It is now evident that severe cracking can occup
with many ores in hydrogen, and that the cracking is more
likely caused by stresses produced by the transformation of
the oxides, especially the reduction of hematite to magnetite.
( 5 2 )An investigation into the effect of cooling on sinterw  fa 
showed that it is possible to cause internal stresses in 
agglomerates which tend to exaggerate the cracking tendency 
during reduction.
The extent of the cracking and the effect of reduction 
temperature has been studied by many
i n v e s t i g a t o r s ( 2 2 ’ ^ . 8 8 , 9 4 , 1 1 5 , 1 ' l 6 , 1 ' 1 9 , ' l 2 0 , 1 3 9 ) ,  b u t
nately there appears to be little consistency in the results,
mainly due to the fact that so many different types of 
material have been investigated. It therefore appears that 
the cracking tendency is sensitive to both experimental 
conditions and material composition.
(h) Changes of Specimen Dimension
It has been widely reported that the reduction of 
hematite and hematite ores is associated with an apparent 
volume expaneioV38’92’94’114’119’120’428’^ 0’1^ !
( 9 4 )Edstrom'y ' studied the expansions of single hematite 
crystals resulting from the reduction to various stages in 
carbon monoxide/carbon dioxide atmospheres at 1000°C. The 
results from these determinations indicate that while all 
reductions involved an apparent expansion, the most 
significant expansion was developed during the reduction to 
magnetite. The reduction of hematite to iron, without 
forming wustite, involved a larger expansion than the step­
wise reduction to iron via wustite. From these results, 
Edstrom postulated that swelling was associated with the 
reduction steps involving solid state diffusion, whereas the
gaseous reactions, i.e. wustite to iron, involved a slight
(141)contraction. An investigation' ', in which the volume 
changes occurring during reduction were measured by a 
dilatometric technique, supported the findings of Edstrom.
Large apparent expansions have been observed^^’^ ^ >^ 20) 
during the reduction of polycrystalline hematite products in
carbon monoxide^8  ^and hydrogen^^’^ 20^. Very large 
expansions were found to occur during the reduction of 
Malmberget pellets^8^; however, it was found that the 
expansions could be greatly reduced by various chemical 
additives to the pellets. The effect of these additions are 
summarized in Table 1, from which it can be seen that both 
bentonite and calcium chloride reduced the extent of 
swelling, whereas with lime the swelling was virtually 
eliminated, produced, in some cases, a contraction. The 
differences in volume changes were said to be due to the 
formation of different compounds. The table shows that only 
a small percentage of sodium chloride exaggerates the 
swelling*
TABLE 1
Apparent Volume Changes resultthe Reduction of 20 mm. diamet erget
Pellets, with additives, in Carbon Monoxide
Additive wt.% % Apparent Volume
Change Time for 95% Reduction, min.
No additive
0.5 bentonite
0.5 calcium chloride
0.5 calcium oxide
1 . 0 calcium oxide
3.0 calcium oxide
5.0 calcium oxide
0.25 sodium chloride
+ 60 
+ 33 
+ 18 
-  6 
+ 8 
-  1
+ 9 
+ 110
85
90
76
120
95
96 
98 
78
The investigation^8-^ showed that the resistance to rapid
drying was increased by sodium chloride, as was the 
reducibility. The table shows that with the exception of 
0.5% calcium oxide addition, there was little change in the 
reducibility.
In the investigation in which polycrystalline hematite 
and hematite with synthetic slag additions were reduced in 
hydrogen^4^  it was found that the temperature of
reduction played an important part in the swelling tendency. 
With pure hematite, it was found that minimum swelling occurred 
at approximately 850°0. Above and below this temperature, 
the swelling increased from the minimum of 18% up to 27% 
increase in volume. The two synthetic slags added to the 
hematite, calcium silicate and calcium, ferrite, showed that
the amount of slag had an effect, i.e. the greater the amount 
of slag, the less the swelling, and that whilst calcium 
silicate had only a small effect on the swelling, it was 
found that 15% calcium ferrite decreased the swelling to 
only 7%.
(89 91)Whilst other investigators' ' have shown that
during the reduction of commercial pellets in carbon monoxide 
at 900-1000°0, volume expansions in the order of 30% have 
been obtained, other investigators^^5^ 8) shown that
the expansion during the reduction of hematite may not he as 
large as was reported earlier. Seth and Ross^^b  ^reported 
that the expansion of briquettes of chemical grade hematite 
was in the order of 4%. They further showed that the 
presence of lime had a negligible effect.
Besides the study of the effect of chemical additives 
on the swelling of hematite, the effect of firing 
temperature has also been studied^^®\ It was found that 
with a sintering temperature in the order of 1 100-1200°G there 
was a contraction. Above or below this temperature range 
there was a small increase in volume during reduction.
Similar results were obtained during the reduction of 
hematite briquettes with added lime. Olsson^^^ has 
studied the effect of firing temperature and atmosphere on 
the swelling of mixed ore briquettes during reduction in a 
carbon monoxide/carbon dioxide atmosphere at 970°C. The 
results from this investigation are shown in Table 2.
TABLE 2
Effect of Firing Treatment on the Apparent 
Volume increase‘associated with the 
Reduction of Mixed Ore Briquettes
Before Reduction After Reduction
Firing Treatment % FeO
1250°C for 30 mihs* 
(oxidising atmos.) 0.8
1250°G for 30 mins*
(nitrogen) 28*1
1250°C for 30 rains.
(oxidising atmos.),
show heating andcooling 0.8
1 1 5 0°C, oxidising 
1250°C for 30 mins., 
reducing 76.1
% FeO
83.0
83.3
83.6
83*4
Apparent volume 
increase %
20.7
5.9
15.9
0*4
This table shows that changing the sintering atmosphere
can decrease the swelling during completion of reduction from
21% to 6%, due presumably to the formation of magnetite during
sintering* The effect of rate of heating and cooling is
such that the swelling is reduced from 21% to 16%. This
effect is probably due to the increased efficiency of the
bonding during firing, A similar effect on the strength of 
( 32)sinterw  J has also been reported when using slow cooling.
The table also shows that if the ore briquettes undergo 
reduction during sintering, then on completion of the
reduction there is negligible increase in the volume. It is 
to be expected that the decrease in the swelling on 
reduction will be associated with a decrease in the 
reducibility.
Whilst the reduction of magnetite and magnetite pellets
is not directly pertinent to the present Investigation, it is
of interest to note that magnetite materials generally contract
on reduction. Work by Edstrom^^ on magnetite crystals
showed that the contraction varied from 4% at 1000°C to 14%
at 600°C. He argued that this effect was due to the change
from solid state diffusion to gaseous reactions. As shorn
( 'TZlP 1in Table 2, 01ssonv ' found that magnetite briquettes 
(28% FeO) expanded by 6% on reduction to 83% FeO, It seems 
likely that completion of the reduction to iron would have 
produced an overall contraction.
2.2, Strength Changes associated with the Reduction of
Iron Ores
The strength of unreduced materials, and the change in 
strength whilst undergoing reduction, has been investigated 
by many people. Initially, it was thought that the 
strength of the unreduced ore, oxide, or agglomerate was an 
important factor in trying to forecast the behaviour of the 
material during reduction. It was soon realised that 
although a minimum strength was required so as to decrease 
the tendency of breakdown during handling, many materials with
excellent unreduced strength had extremely poor resistance 
to breakdown during reduction*'
The changes in strength associated with reduction have 
been measured by three different techniques. The first 
consisted of the effect of reduction on the temperature at 
which the materials, usually ores or agglomerates, failed by 
plastic flow under a constant compressive load. This 
failure by plastic flow being of great importance in 
predicting the behaviour of the material in the bosh of the 
blast furnace. The second method of measuring the strength 
was to study the friability of the material using a 
modified tumble test. The more recent investigations have 
concentrated on the change in the compressive strength of 
the materials during reduction, measuring the strength of the 
reduced material at room temperature, or at the temperature 
of reduction.
2.2.1. Effect of Reduction on Softening’ Behaviour of Iron
Ores'
Most of the investigations in this field were
extensions of the work carried out on unreduced materials in
air. The experimental technique was a modification of the
(31 30 143)refractoriness under load testw  y , which involved
2measuring the movement of a loaded rod (1.5-5 Kg/mm ) resting 
on the specimen surface. With this apparatus it was possible 
to study both the effect of temperature and also the extent
G-rieve^^ studied the effect of both isothermal and 
athermal reduction on the incipient softening temperature and 
softening rate of natural rich and lean ores, and compared 
these properties with those obtained on the umreduced material. 
The tests on the unreduced ores showed that some ores 
softened at temperatures in the order of 1000°C, whilst 
others showed negligible softening at the maximum temperature 
obtainable of 1500°G. In general, it was found that ores 
that softened at low temperatures increased their rate of 
softening slowly on further increase in temperature. The 
ores that had high softening temperatures tended to soften 
rapidly as soon as the softening temperature had been reached. 
Comparing the rich and lean ores, the lean ores had lower 
softening temperatures.
The isothermal reduction tests consisted of reduction at 
900°C in carbon monoxide/carbon dioxide atmospheres, followed 
by measurement of the softening rate at progressively higher 
temperatures. The results obtained with Ouenza ore (83.0% 
Fe20 ,^ 4,7% Si02, 3-0% AlgO^ and 3*8% CaO) showed that there 
was a maximum in the rate of softening after 20% reduction.
The lean Oxfordshire ore reached a maximum after 30% 
reduction. In both cases, less than 10% reduction and 
greater than 40% reduction had very little effect on the rate 
of softening.
of reduction.
The athermal test, which consisted, of simultaneous 
reduction by carbon monoxide and increase in temperature, 
showed that the softening temperature of both Ouenza and 
Oxfordshire ores were decreased from 1370 and 1280 in air 
to 1130 and 1105°0 respectively. Similar results have been 
obtained by other investigators^8*144) ? which it was 
found that after approximately 22% reduction the softening 
temperature had decreased by 150°C. Further increase in 
reduction caused the softening temperature to return to the 
same as the unreduced ore^  . When studying the softening 
of pellets and ores^8\  it was found that pellets generally 
have a higher softening temperature than ores, and that 
whilst magnetite pellets collapse gradually, the hematite 
pellets tended to collapse suddenly and at lower temperatures. 
These investigations showed that the softening temperature 
was lowered by reduction, however the softening temperature 
range was increased.
An investigation^^^ in which the Knoop hardness of hpt 
pressed briquettes was measured showed that the lower oxides 
of iron have a lower hardness than hematite. Whilst 
hematite was hard at high temperatures, wustite was soft 
above 600°C. This softness of wustite at moderate 
temperatures has been confirmed by Vagnard and Man o n e ^ .
It seems reasonable that the decrease in softening temperature 
of reduced materials may, in part, be due to the presence of 
the lower iron oxides.
5 1 .
The severe problem of burden breakdown during reduction
was first reported by investigators conceded with the
(133.146)production of sponge iron in the Wiberg furnace' .
Since this furnaces reduces iron ore sinter and pellets 
without any coke present, the process is very sensitive to 
burden breakdown. Similar troubles have been encountered 
in blast furnaces where very low coke rates have been used.
It was found that there was very little correlation between 
the room temperature coherency tests (tumble and impact 
tests) and the resulting strength on reduction.
A test was devised by Stalhed and L i n d e r i n  which
it was possible to study the reduction, and hence degradation
during reduction, under conditions very similar to those in
the sponge iron furnace. This test was modified by 
(17)Linder' so that it was possible to study the degradation
and the reducibility of the material. This test involved 
subjecting a screened sample of coke and iron ore to an 
atliermal reduction, using a rate of heating the same as the 
blast furnace, and using a reducing atmosphere of carbon 
monoxide and carbon dioxide, the amounts of which were varied 
as the temperature was increased up to 1100°0. During the 
test, the material was rotated at 30 r.p.m. After 5 hours, 
the reduced material was cooled to room temperature in an 
inert atmosphere. The sample was then screened and 
chemically analysed. The breakdown was reported as the
2.2.2. Friability associated with Reduction
fractions passing through 3 and 1 mm* sieves. The 
reducibility was quoted as the degree of oxidation of the 
reduced material* It was necessary to remove any remaining 
coke in the sample, and also make allowances for the carry 
over of the minus 1 mm. fraction into the dust catcher. The 
minus 1 mm. fraction was considered to he detrimental to 
efficient furnace operation, a view which has been 
substantiated by various investigators' ‘ who reported
that the minus 1 mm. fraction seriously reduced the permeability 
of the burden, and that much of it was carried over by the 
effluent gases into the dust catchers*
By comparing the results of laboratory tests with plant 
trials, Linder' found that it was possible to assess the 
amounts of fines ( - 1 mm.) that could be tolerated in a 
furnace. From this consideration he proposed a scale in 
which is related burden acceptability to the amount of fine 
disintegration* This scale varies from less than 20% very 
good to more than 4-5% fines for a burden which is 
unsatisfactory*
(17)The pioneer work by Linder' (J has been extended by 
(150 151)other investigators'  ^9  ^y who have carried out numerous 
reduction tests on ores, sinter, briquettes and pellets.
Some typical results obtained are presented in Tables 3 and 4*
TABLE 3* Results of. Standard Linder tests on Ores, Sinterand Briquettes
Material Oxidation % Breakdown %
wt.%
Fe Initial Final -10 mesh. -3Q m<
Ores
Hard Dense 
Hamatite <,3-* 8” 63*3 99.8 54.0 5 1
Soft Porous 
Hematite 1-1.5" 52*9 99.8 50.0 5 5
Friable Magnetite
1-1.5" 59.1 88 i 2 70.0 37 35
Limonite 1-1.5" 45.4 99.5 47.0 50 47
Sinters
U.K. Sinter 1-1.5" 54.6 93*5 66,0 16 7I 1! . 1 1 59.2 93*9 63*0 15 7
" " .3~*4 59.2 93.9 55.0 7 3
,f n o 3-16 5" 59.1 96,7 42.0 26 14
Japanese Sinter .3-1*5" 58.4 95.5 50.0 43 21
Hot Pressed Briquettes
From Irreducible Dense 
Concentrate 63.5 94.7 7 1 .0 5 5
From Reducible 
Concentrate 65.3 N.D, 60,0 8 7
From Cerro Bolivar Ore N.D. N.D. 48.0 30 16
From Jasper Concentrate N.D. N.D. 57.0 3 3
Results of Standard Linders Tests on Pellets
T A B L E  _ 4
% Oxidation Breakdown %
Material
wt.% 
Pe Initial Pinal
- 10
mesh -30me si
Commercial Pellets
Shaft Pired 68.5 99*9 52.0 7 464.1 98.1 50.0 15 12
62.7. 99*6 51*0 6 4Strand Pired 65«8 99*5 48.0 2 2
65*5 99*8 50.0 4 3Grate Kiln Pired 63*0 99*8 52.0 3 2Italian Pellets N.D, N.D. 75*0 1 1
Experimental Pellets
Strand Pired 63 * 6 99*9 46.0 1 0M ,T Unfluxed 62.5 99*7 54;0 9 9n " Pluxed 61,0 99*5 51.0 10 6Grate Kiln Pired
" ” ” Unfluxed 65*3 99*6 49*0 5 3" " " Unfluxed 62.7 99*6 55*0 1 0" ,f " Pluxed 59*7 99*5 55*0 8 3" fl Pluxed, but 
fired at below normal 
temperatures 59.5 98.3 48.0 3 2
Prom the tables it is apparent that pellets generally 
have a greater resistance to breakdown during reduction.
With the exception of the Italian pellets, the pellets exhibit 
a very good reducibility. It was found that with the 
Italian pellets an iron skin formed on the surface during the 
early stages of reducing. Because this skin was 
relatively free from imperfections, the reducing gases had 
difficulty in reaching the oxide surface. However, this film
did increase the strength of the pellet so that very little 
breakdown occurred. Table 4- shows that it is feasible to 
produce fluxed pellets with good breakdown resistance, and 
also good reducibility. The use of lower firing temperatures 
for the production of fluxed pellets seems to be feasible in 
the future.
The effect of additions on the strength of pellets after 
reduction has been investigated by Uggla and Ilmoni^8  ^. In 
this investigation, the pellets after reduction were 
subjected to a tumble test, so as to determine the reduction 
strength of the reduced 20 mm. diameter pellets. The 
results from this investigation are presented in Table 5? 
together with the cold crushing strength of the as-fired 
pellets. This table shows that all additions, with the 
exception of sodium chloride and borax, give increased 
resistance to breakdown during reduction.
T A B L E  3
Influence of Additives on the Reduction Strength 
and Gold Compressive Strength of Pellets made
Breakdown % Crushing
Additive wt.% + 10 mm. + 6 mm. Kg.
No additive 89 89 1130
0 .5 bentonite 96 96 1970
0.5 calcium oxide 94 97 1260
1 . 0 calcium oxide 99 99 1770
5.0 calcium oxide 91 95 1950
5.0 calcium oxide 99 99 2310
0 .5 calcium chloride 93 94 1250
0.25 sodium chloride 19 51 1650
0 . 1 5 borax 20 24 1475
The results from this table shew that all the 
additives give increased strength. The results with sodium 
chloride and borax show that even with adequate fired 
strength, it is not possible to forecast that the pellets 
will reduce satisfactorily.
(112 124)Edstrom' ’ J attributed the increased reduction 
strength of lime bearing pellets to two factors: a) the
formation of calcium ferrites during firing, and b) the 
dissolution of calcium ions in the magnetite and wustite 
lattices during reduction. However, the fact that pellets 
containing calcium ferrites do not undergo very large volume
expansions during reduction (Table 1 ) may be the main 
reason for the improved reduction strength*
Watanabe^2^  measured the reduction strength of 
synthetic calcium ferrites, sinters and ores, after reduction 
in carbon monoxide at 1000°C for various times of reduction. 
The reduced material was subjected to a tumble test at room 
temperature, and the reduction strength was quoted in terms 
of percentage + 30 mesh.v The results from this investigation 
are presented in Table 6*
This table shows that with both calcium monoferrite and 
dicalcium ferrite, the strength after reduction is greater 
than in the unreduced state. The results with hematite 
ore show that there is a rapid deterioration in reduction 
strength, which then improves on further reduotion. The 
result for the magnetite ore shows that it was stronger than 
the hematite before reduction, but after reduction the 
magnetite ore showed lower strength. It was shown that the 
self-fluxing sinter contained calcium, ferrites, and Table 6 
shows that this sinter had a gradually increasing strength 
as the amount of reduction increased.
( 38)
T A B L E  6
The Effect of Reduction on the Strength of 
Calcium Ferrites, Sinters and Ores
Material Strength after various reduction times
% + 30 mesh
0 min. 30 min. 180 min
Calcium monoferrite 24 <0 86.0 90,5
Dicalcium ferrite 2.5 57*5 50,0
Self-Fluxing sinter 81.5 84.3 89*0
Dungun hematite ore 68,5 27*5 62.5
Wabaka magnetite ore 79*5 N.D. 58.0
The improvement in the strength of self--fluxing sinter
( 4 4 6 )has been confirmed by the findings of Nyquis'tr ' , who also 
attributed the increase in strength due to the solution of 
calcium ions in magnetite.
The Linder reduction testv fJ and the modified tests
(58 127)of other investigatorsw  9 have carried out the reduction
at high temperatures (900~1000°C). Holland et al^^ have 
studied the effect of reduction temperature 011 the 
reduction strength of ores. The reduction of screened 
material in a revolving horizontal kiln, was carried out at 
various temperatures and times using a mixture of rich town 
gas and blast furnace gas, as the reducing atmosphere. It
was found that different ores had various reduction 
temperatures at which they suffered maximum breakdown5 
however, these temperatures were all in the temperature range
550-750°C, They also found that when only magnetite was 
produced during the reduction, there was a linear relation­
ship between the percentage reduction and the percentage 
breakdown,
A recent investigation^^^ 2) ^ - ^ 4 the reducibility
of blast furnace burdens was studied by means of isothermal 
reduction. It was found that the materials all underwent 
breakdown during reduction. Instead of measuring the 
strength of the material, the investigators measured the 
increase in the surface area of the reduced material. The 
Breakdown Factor (B.D.F.) was the ratio of initial surface 
area to final surface area after reduction. The effect of 
both reduction temperature and percentage reduction of the 
B.D.F. were studied,
(152)Beeton' y ' reported that most ores and sinters under­
went all their breakdown before 20% reduction, and that most 
of this breakdown for sinters occurred before 10% reduction 
by hydrogen. The effect of reduction temperature was such 
that the maximum breakdown occurred in the temperature range 
500-800°0, which is in close agreement with the range quoted 
by Holland et all34!
The third method of measuring the reduction strength
of reduced ores, sinters, pellets and briquettes has been by
the use of uniaxial compression tests, carried out at room
temperature or at the temperature or reduction^^9^''?’®^,C^ ,^ 9? 
142 153)’ •yy'. The results of these tests, as with the breakdown
factor of Beeton^^ have given an accurate measure of the
reduction strength independent of the mechanical stressing,
( 1 4 - 2 )abrasion and impact during the reduction cycle. Olsson' 
besides studying the effect of firing temperature on the 
volume change during reduction of pellets as given in Table 2, 
also studied the change in hot compressive strength after 
reduction to 83% wustite. The results from this investigation 
are shorn in Table 7, which also gives the cold and hot 
compressive strength of the unreduced pellets*
TABLE 7
Effect of Reduction on the Compressive Strength 
of Ore Briquettes
Before Reduction After reduction
Sintering Kg/briquette strength Kg/briquette strength
Treatment % %
PeO Cold 970 °C FeO 970 °C
1250°C for 30 min.
(oxidising atmos.) 0.8 94-9 450 83»0 20
1250°C for 30 min.
(nitrogen atmos.) 28.1 862 N.D. 83.3 148
1250°C for 30 min.
(weak reducing atmos.)48.9 N.D. 420 83.0 170
Briquettes fired under oxidising conditions, i.e. 
basically hematite, suffered a substantial decrease in the hot 
compressive strength from 450 to 20 Kg/briquette. The result 
obtained from the briquette fired in a neutral atmosphere and 
consisting mainly of magnetite underwent a smaller decrease in
strength, whilst the briquettes fired under slightly- 
reducing conditions suffered the smallest change from 420 to 
170 Kg/briquette. These results show that the state of 
oxidation of the briquettes has a significant effect on the 
change of compressive strength during reduction. This work 
confirms the results by Edstrom^^ in which he stated that 
generally hematite possesses a loxver reduction strength than 
magnetite.
( 1 + 2 )From the results of his investigations fa Olsson 
foxind that there was a relationship between the compressive 
strength of the fired briquettes and the percentage change in 
volume during reduction at 970°C in a carbon monoxide/carbon 
dioxide atmosphere. He found that high strength favoured 
only a small increase in volume and low compressive strength 
favoured a large increase in volume. This was one of the 
first attempts to try and correlate the reduction strength 
with the structural changes occurring during reduction.
The investigations on the change in reduction strength 
of pellets^8 5^  ?89,90,1 7 )^ kave shown that there is
generally a minimum in the reduction strength after about 
35% reduction. Schenck et al^8'^  analysed the reduced 
pellets and plotted the percentage of wustite present against 
degree of reduction. It was foxind that there is an indirect 
relationship between tbe percentage x/\rustite and the 
compressive strength after reduction. The reduced pellets 
had a compressive strength of 60 Kg/pellet, decreasing to a
minimum of 20 Kg/pellet after 35% reduction, i.e. with almost
100% wustite'. Whilst the compression tests show that the
presence of wustite is detrimental to the reduction strength
(  P P )of pellets, an investigation of the breakdown of sinter' 
has shown that the resistance to degradation during reduction 
is increased by the presence of wustite.
The effect of temperature on the reduction strength of
polycrystalline hematite compacts and hematite with added
(119)synthetic slag has been studied by Brill-Edwards' In
this investigation the reduction was carried out isothermally 
in hydrogen/steam reducing atmospheres. The results from 
this investigation are presented in Figs. 1-5* Figure 3 shows 
that the strength of hematite decreases considerably on reduction 
to magnetite and that-wustite shows negligible strength because 
it readily underwent plastic deformation. The presence • 
of synthetic slags tended to reduce the decrease in 
strength associated with the reduction to magnetite. Fig. 5 
shows that on reduction to wustite, the material readily 
plastically deforms and the slag has very little effect.
2.3* Kinetics of the Reduction of Iron Oxides and Ores
Besides extensive studied into the physical properties 
of iron hearing materials and the physical changes that occur 
during reduction, Interest has been shown in the ease or 
otherwise with which materials can be reduced, and also the
One of the first investigators to study the reduction of 
( 1 5 )iron ores was Joseph! ^J , who studied the reduction of cubes 
of iron ores and tried to compare the rates of reduction 
under standard conditions of temperature and reducing 
atmosphere. To compare the reduction of various ores,
Joseph proposed the idea of reducibility. The original 
criterion for reducibility was the time taken for the ore to 
reach 90% reduction, percentage reduction being calculated 
from the actual amount of oxygen removed and the initial 
amount of oxygen combined with the iron before reduction.
It followed that an ore with a short time to reach 90% 
reduction possessed a high reducibility. In this 
investigation, it was found that porosity of the ore affected 
the reducibility so that dense ores tended to be less 
reducible. It was also reported that magnetites, 
irrespective pf porosity, had a lower reducibility than 
hematite ores.
After this initial investigation, interest was shown 
in determining the reducibility of various types of burden, 
and also in trying to improve the reducibility. When 
studying the reduction in hydrogen, two methods were 
developed. The first consisted of weighing the water 
produced by the reduction, and hence calculating the weight 
of oxygen removed, and the second was thermogravimetric, in 
which the weight of the specimen was continuously determined,
mechanisms of reduction.
and the loss in weight was taken as a direct measure of the 
amount of oxygen removed, providing that the specimen did 
not lose weight due to dehydration or breakdown of carbon­
ates. When studying the reduction using carbon monoxide or 
carbon monoxide/carbon dioxide atmospheres, the reduction has 
usually been followed by absorption of the carbon dioxide 
produced by reduction and after weighing, calculating the 
amount of oxygen removed.
Edstrom  ^ studied the reduction mechanisms of iron 
oxides by reducing natural single crystals of hematite and 
magnetite in both hydrogen and carbon monoxide, in the 
temperature range 450 to 1100°C. He found that at 1000°C 
the reduction of hematite by hydrogen was much faster than 
with carbon monoxide„ He further found that there was a 
minimum in the rate of reduction in the temperature range 
625 to 800°G. He proposed that this minimum was due to the 
formation of wustite, which is reduced by solid state diffusion. 
Because of the low temperature the rate of diffusion is 
slow. As the temperature is increased the rate of diffusion 
increases, so that in the temperature range 900 to 1100°C 
there is only a slight increase in the reduction rate. At 
temperatures below 625°C, where wustite does not appear, a 
cracked and finely porous iron is produced, and so a 
magnetite surface is always available for new action of the 
reducing gas. He therefore concluded that a low temperatures 
the reduction is by means of gaseous diffusion.
An investigation by Hockings^^ studied the reduction 
of -20 mesh hematite in hydrogen in the temperature range 
400 to 700°C. It was found that the reduction curves 
obtained had an incubation period, which decreased with 
temperature, followed by a rapid rise in the reduction rate 
to a maximum, and then a gradual decrease to zero rate of 
reduction. Microscopic examination of partially reduced 
specimens revealed that below 600°C the specimens only showed 
a hematite/iron interface. At temperatures above 600°C, the 
unreduced hematite was separated from the iron by small 
amounts of wustite and magnetite, Hockings concluded that 
the first stage of reduction was the formation of iron nuclei 
on the hematite surface. On completion of the surface film, 
reduction proceeded inward at a rate of travel which was 
independent of the crystal face being reduced and directly 
proportional to the hydrogen pressure.
The reduction of various iron bearing materials has been 
(25 26 154)studied by McKewanv ’ 5 - . The reduction was carried
out in the temperature range 400 to 1050°C in a hydrogen 
atmosphere, which also contained nitrogen as a diluent.
The rate of reduction was found to be directly proportional 
to the partial pressure of hydrogen in the range 0.07 to 0.97 
atmos. He further found that the reduction of iron oxides 
was controlled by the area of the oxide/metal interface.
He proposed a reduction equation which showed that for 
spherical particles the rate of reduction was directly
proportional to the area of the metal/oxide interface at any- 
given time. The effect of hydrogen partial pressure on the 
reduction of iron ores has also been studied by Tenenbaum 
and Joseph^-^. They found that the rate of diffusion is 
proportional to the concentration gradient of the gas, and 
that the rate of diffusion of hydrogen is three times that of 
steam.
McKewan^^ studied the reduction kinetics of dense 
hematite in hydrogen/steam/nitrogen mixtures. He found that 
nitrogen had no effect, i.e. only acting as a diluent. On 
increasing the partial pressure of steam the reduction rate 
approached zero at the steam vapour pressure corresponding 
to the equilibrium pressure for iron/wustite equilibrium.
The effect of gaseous diffusion on the reduction rate
and determination of its influence on the reaction mechanism
( o n )at the metal/oxide interface has been studied by Warner'
The reduction of dense sintered cylindrical compacts of 
hematite by hydrogen was studied in the temperature range 
650 to 950°0, The effect of gaseous diffusion was shown 
in two ways. The first consisted of asymmetric location 
of the specimen in the reduction furnace. It was found 
that the side of the compact nearest the furnace tube 
suffered a retardation in the rate of inward movement of the 
reduction front. Reagent starvation as the cause of this 
effect was precluded because of the large reducing gas flow 
used and conclxided that this was due to the decreased rate of
removal of reaction products. The effect of varying the
(27)total gas pressure was also studied. Warner found that
the reduction rate was not directly proportional to the
bulk-phase hydrogen pressure. He introduced the idea of a
partial pressure gradient between the bulk gas and the
interface, and concluded that the mechanism put forward by 
(25)McKewanv was due to the fact that nitrogen is not only a 
diluent, but also changes the molecular diffusivity in the 
ternary gas phase.
Two further investigations on the mechanisms of the 
reduction of iron oxides by Seth and Ross^^8\  and 
Themelis and Gauvin^^', concluded that reduction was 
controlled by two main effects acting together. These 
effects were the area of metal/oxide interface and the two- 
way diffusion of reactants to, and products from, the inter­
face. A third factor of secondary importance, except in the 
case of packed beds^4^^ is the formation of a boundary layer 
of gas at the particle surface which may contain locally 
high concentrations of steam.
Besides the study of the reduction of iron oxides, the 
effect of various additives on the kinetics of reduction of 
hematite have also been studied. The effect of lime has 
been studied in at least three i n v e s t i g a t i o n s ^ 7^) o 
Both Edstrom^”^  and Cox and Ross^^*^ found that the 
reduction rate of hematite was increa.sed basically due to the 
formation of calcium ferrite and the instability of wustite
in the presence of lime. Seth and Ross^28  ^, however, found 
that although there was an increase in the reducibility, it 
was not due to the formation of calcium ferrites during 
sintering, but due to unstable wustite forming dicalcium 
ferrite, which is then directly reduced to iron. The effect 
of silica on the kinetics of reduction has been studied by 
Cox and Ross^^\ It was found that with briquettes that 
had undergone no firing treatment before reduction, as the 
amount of silica increased so did the reducibility. This was 
due to cracking that accompanied reduction, so allowing 
better reducing gas contact. This investigation did not, 
however, study the reduction of fired briquettes with 
additions of silica.
A recent investigation^has studied the effect of 
the addition of synthetic slags on the reduction kinetics of 
polycrystalline hematite. This investigation showed that 
up to 15% calcium silicate or calcium ferrite slag had very 
little effect on the reduction kinetics at 1000°Co The 
reductions carried out at lower temperatures showed that the 
presence of the slags decreased the rate of reduction. The 
reduction of the bond minerals found in iron ore 
agglomerates^ 28'1 showed that iron bearing silicates have a 
low reducibility, and that some are not reduced until the 
reduction temperature is in the order of 80°G below the 
liquidus temperature. This investigation confirmed that 
calcium ferrites have a better reducibility and that the
During the study of self-fluxing sinter, Watanabe' 
undertook the isothermal reduction of synthetic calcium 
ferriteso He concluded that calcium ferrite had a similar 
reducibility to hematite, calcium diferrite had good 
reducibility, whilst dicalcium ferrite was the least 
reducible. The fact that dicalcium ferrite has the lowest 
reducibility explains why the reduction of calcium ferrites is 
controlled at the metal/dicalcium ferrite interface. This 
investigation further showed that complex calcium silicates 
containing iron oxide, especially wustite, have an extremely 
low reducibility.
2.4. Conclusions of Previous Work
Prom the previous sections, it is apparent that there 
is some divergence in the findings from these investigations. 
Many of these divergences are due to differences in 
experimental techniques and in raw materials. There are, 
however, some general conclusions that may be drawn regarding 
the strength and structural changes associated with the 
reduction of iron oxides and iron ores, and also the changes 
in reduction kinetics caused by the presence of slag and 
other additives to iron oxides.
These reduction properties appear to be dependent on 
both the chemical and mineralogical composition, and the
reduction is controlled at the metal/ferrite interface.
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physical state of the material being tested, and these 
factors tend to be most favourable in pellets and 
briquettes. The investigations, using laboratory grade 
reagents as raw materials, have shown that these materials 
have the tendency to behave in a manner different from iron 
oxides and natural ores.
It has been established that iron bearing materials 
containing hematite undergo swelling during reduction, and in 
most cases, the swelling is associated with the first 20% of 
reduction. The amount of swelling is dependent on the 
temperature of reduction, reaching a minimum at approximately 
800°C. The presence of slag can cause the disappearance of 
this minimum, or cause the amount of swelling to be reduced 
to suich an extent that the pellets undergo a contraction on 
reduction. This phenomenon occurs when the pellets or 
briquettes contain significant amounts of calcium ferrites.
Whilst this tendency for hematite materials to swell 
and crack during reduction improves the kinetics of reduotipn, 
this effect has a serious effect on the strength of the 
reduced material. Two types of strength test have been 
devised to measure the changes in strength associated with 
reduction. The first consists of measuring the abrasion 
resistance, and the second involves measuring the 
compressive strength of the reduced material. The use of 
strength tests on unreduced material has been shown to be 
suspect in trying to predict the behaviour of the material
during reduction. Because the two strength tests used 
measure two different types of strength, it is difficult to 
correlate the results of the two tests. This has led to 
anomalies in the interpretation of results, especially with 
materials containing wustite. According to the compressive 
test, wustite has very low strength and easily undergoes 
plastic deformation; on the other hand, the abrasion test 
shows that materials containing wustite have a high resistance 
to abrasion. Using either of these strength criteria 
singly to predict the behaviour in the blast furnace will 
give a false idea because, in the blast furnace, resistance 
to abrasion and high compressive strength are required 
together.
The presence of slag with the iron oxide can increase 
the strength after reduction, especially the presence of 
calcium ferrites. It has been shown that the slags 
generally have a lower reducibility, so that increased 
strength is often accompanied by an increase in the time for 
complete reduction. Again, calcium ferrites differ from this 
general rule in that some of the calcium ferrites exhibit a 
reducibility similar to hematite, but still produce increased 
strength after reduction.
The reduction mechanisms of hematite have been extensively- 
studied o It is generally accepted that the reduction is 
controlled at the wustite/metal interface. There is 
disagreement on the relative importance of solid state and
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gaseous diffusion. It seems reasonable to conclude that 
the reduction involves both types of diffusion. The 
reduction of hematite involves reduction to magnetite, 
wustite and finally, iron. It is possible to partially 
reduce specimens which will contain all the phases in layers. 
The reduction is usually topochemical and the shape of the 
magnetite reduction front tends to change at approximately 
750°0.
The reduction steps associated with the reduction of 
calcium ferrite have been shown to number seven steps.
Most investigators state that the reduction proceeds via 
dicalcium ferrite, which reduces directly to iron and lime.
It has been found that wustite is unstable in the presence of 
lime,producing dicaloium ferrite. The rate-controlling step 
in the reduction appears to be at the dicalcium ferrite/ 
metal interface, and that the reduction is normally 
accompanied by a contraction.
The effect of additions to hematite or the effect of 
impurities in natural ores has been studied less extensively, 
except in the case of lime. The effect of lime has been 
studied because of the interest shown in the production of 
self-fluxing agglomerates, initially sinter, but more 
recently pellets. It has been shown that calcium ferrites 
have good reducibility and that the strength after reduction 
tends to be increased. Some investigators postulate that 
this is due to the decrease in the amount of swelling
associated with, the reduction of hematite containing calcium 
ferrites. Other investigators have shown that calcium 
ferrites have a negligible effect on the swelling of 
hematite. The reason perhaps for this divergence of views 
is probably due to the use of laboratory grade reagents in 
the latter investigation.
The effect of silica on the reduction of hematite has 
only been studied with pellets that were unfired. It was 
found that the presence of silica caused increased cracking 
on reduction, which it is to be assumed would cause a 
significant decrease in reduction strength, and very little 
change to the reduction kinetics.
Review of the literature failed to reveal any 
Information on the effect of alumina. In commercial iron 
making, the presence of alumina produces slags which are 
viscous because of their higher melting point; however, most 
investigations 011 the reduction of iron oxides and ores 
study the reduction at temperatures below the temperature at 
which liquid slags are produced*
2*5- Object of the Present Investigation
From the knowledge of important factors concerning the 
bonding mechanisms and the physical processes controlling the 
rate of reduction of iron oxides and ores, compiled from 
parallel investigations of a technological or fundamental
nature, it has been possible to modify ore dressing and 
agglomeration processes. These processes have played a grqat 
part in the improvement of blast furnace smelting. Burdens 
for the blast furnace can be now produced which have 
adequate strength and reducibility. There is one major 
problem which is preventing further improvement of the blast 
furnace, the failure of agglomerates during reduction, which 
until recently, had not been studied. The position is 
changing now because it has been shown how important burden 
breakdown and decreased strength, due to reduction, are on 
the efficient operation of the blast furnace.
While the reducibility, reduction strength (normally 
resistance to abrasion) and structural changes of ores and 
agglomerates have been studied over a wide range of conditions, 
there has so far been very few attempts to correlate these 
three properties. Progress that has been made in increasing 
reduction strength, without a decrease in the reducibility, 
has resulted from trials of an empirical nature.
It is the object of this investigation to study the 
reduction of iron ores and ascertain the differences in their 
behaviour under reducing conditions, and try and correlate 
these differences with the main impurities in the ores. The 
changes studied are the change in specimen volume, change in 
hot compressive strength, and also the difference in the rate 
of reduction of the ores under standard reducing conditions.
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Since it has been shown in previous work that 
physical properties of materials have an important bearing 
on the behaviour during reduction and, in order to allow 
comparison between the ores, compacts of similar size and 
porosity have been produced by firing at elevated temperature 
powdered ore compacts. To allow comparison between the 
behaviour of ore compacts and polycrystalline hematite 
compacts, with and without synthetic slag additions, the 
porosity of the compacts has been kept similar to that used 
in a previous investigation.
The investigation was divided into two main stages; 
the first to study the isothermal step wise reduction, so as 
to ascertain the magnitude of the changes associated with each 
reduction step, and further to ascertain the temperature range 
over which maximum change took place. Secondly, it was 
intended to show how the ores could be reduced so as to 
suffer minimal breakdown during the complete reduction to 
iron whilst still maintaining a reasonable time for reduction.
3.1 , Raw Materials
There are a very large number of iron ores, which are 
used commercially to produce iron. An extensive survey*"88  ^
of iron ores used throughout the world lists approximately 
two hundred iron ores. These ores all have slightly 
differing chemical analyses and physical properties. Iron 
ores can be generally classified into two main types. This 
classification is based on the iron co)itent of the ores, e.g. 
high grade, in which the iron content is in the range 50-60%, 
and low grade iron ores, in which the Iron content is less 
than 40%. Besides the classification based on iron content, 
iron ores can be classified by considering the main impurity 
present in the ore* A study of the chemical analyses of 
iron ores shows that the three most common impurities are 
lime, alumina and silica.
It was decided, therefore, that the three high grade 
ores shou3.d ea.cli, as far as possible,, contain only one'main 
impurity. For comparison with the high grade ores, it was 
decided to also include a low grade ore, which contains 
considerable amounts of all three main impurities and very 
little iron. The ores were chosen by studying the chemical 
analyses of iron ores available in this c o u n t r y ^ . The 
ores that were chosen are as follows : Stripa, Kiruna D,
Conakry and Oxfordshire. The first three ores are all 
high grade, containing respectively silica, lime and alumina,
3 -  E X P E R T  MENTAL METHODS
Samples of the ores were obtained and ground to minus 104 [Jt, 
so that polycrystalline specimens could be obtained by 
compacting the powders and sintering at high temperature 
in oxygen*
3*1.1. Stripa Ore
Stripa ore is a high grade hematite iron ore containing
silica as the main impurity. A geological analysis of the
ores of Central Sweden has been carried out by other 
( 1 5 9  1  g o  )workersv fa Stripa ore is Archean Leptite type of
ore, made up of banded layers of hematite and quartz. The 
natural grain size of the hematite is 0.0005-0,3 mm., and 
the quartz has a grain size of 0.06-0.2 mm. The distribution 
of the hematite is such that the quartz layers contain 
considerable amounts of hematite, whilst the hematite bands 
generally are low in quartz. Besides the hematite and 
quartz, the ore contains a small amount of ‘skarn1 which 
consists mainly of silicates. The as-received chemical 
analysis of Stripa ore is given in Table 9* Microscopic 
examination readily showed discrete particles of quartz in the 
ore. X-ray diffraction analysis confirmed that the iron 
oxide present was hematite, and also confirmed the presence 
of a considerable amount of quartz.
and the fourth ore is the low grade ore for comparison.
Preliminary sintering experiments, in which the 
compacted specimens were sintered at gradually higher 
sintering temperatures until the limit of the furnaces was 
reached (1400°C), revealed that the compacts underwent 
negligible shrinkage even after sintering at 1400°C for 20 
hours in oxygen. Some specimens, which had undergone this 
heat treatment, were reground and analysed on the X-ray 
diffractometer. This revealed that the hematite was 
unchanged, but the quartz had been completely converted to 
tridymite. It was therefore decided to pre-treat Stripa at 
1400°C for 5 hours, to convert the quartz to tridymite, 
followed by regrinding to minus 104 p. Further tests showed 
that a sintering temperature of 1225°0 for 20 hours was 
required to give the desired sintered porosity of 12%.
These tests, showed that it was necessary to sinter in oxygen, 
not only to keep the hematite as hematite, hut also to stop 
any tendency for the formation of fayalite. Because of its 
low melting point, it would have caused the specimens to 
collapse, and produce a slag which is very corrosive to 
aluminous porcelain tray in which the specimens were placed 
during sintering. The sieve analysis of the treated ore 
prior to sintering, and the as-sintered chemical analysis, 
are given in Tables 8 and 10 respectively. X-ray diffraction 
analysis of the as-sintered specimens showed that, besides 
hematite and tridymite, the slag consisted of small amounts 
of wollastonite (0a0 .Si02) and calcium-magnesium-silicates,
Electron microprobe analysis revealed that the hematite 
contained no detectable impurities, and that the slag had 
an analysis of 20% Ee^O^’ 38% CaO, 39% ^iO^ and 4% Al^ O^ ; 
also distributed in this slag were grains of silica.
3.1.2* Kiruna D Ore
Kiruna is a high grade magnetite ore, and chosen
because it was ore containing the most lime. As seen from
the chemical analysis, shown in Table 9j the ore contains a
moderate amount of silica. Kiruna ore comes from Northern
(161)Sweden. A geo logic ad examination of the ore' states
that the ores are of volcanic origin and consist of magnetite 
and apatite, with amounts of 'skarn', mainly silicates. The
grain size of the magnetite is in the order of 0.03 mm., and 
the apatite, which is unevenly distributed, is in the form 
of stout prisms, 0 . 1 mm. long. X-ray diffraction analysis 
revealed that the iron oxide present was completely 
magnetite, the other phase being identified being apatite 
(4 CaO.P20,_), and rankinite (3 Oao.2 Si02).
Preliminary sintering experiments showed that the ore 
could be sintered at 1220°C for 20 hours In oxygen without 
any pre-treatment, The sieve sizing analysis and the as- 
sintered chemical analysis of Kiruna D ore are given in 
Tables 8 and 10 respectively. X-ray diffraction analysis 
of the as-sintered ore showed that the magnetite was 
completely converted to hematite during the sintering in
80.
oxygen. The impurities consisted of apatite (4 C$0.P^O )^ 
and rankinite (3 ^ a0.2Si02)o As analysed by electron probe 
microanalysis, the hematite contained no detectable 
impurities and the slag had an analysis of 7% Fe20^ , 50% CaO,
36% Si02, 3% MgO and 2% Al^.
3.1.3* Conakry Ore
Conakry is a high grade hematite iron ore containing
(162 165)alumina as the main impurity. A geological examinationv '
of the iron ore deposits at Conakry, West Africa, states
that Conakry ore is basically laterite, which consists of
hydroxides of iron and aluminium, and also the possibility of
the formation of a coating of goethite, iron hydroxide
(Fe20^„H20) in the pores of the ores. Also found in the
ore beds are small segregated areas containing chromic
oxide, and also very small amounts of apatite (4 GaO.PgO^)
Some dehydration of the ore can take place naturally, so as
to form hematite. X-ray diffraction analysis has been
(165)carried out by Corrensv , who showed that some of the 
alumina present can be present in the crystal lattice of the 
goethite. The chemical analysis of the as-received Conakry 
ore is given in Table 9. This analysis shows that alumina
is the main impurity, with small amounts of chromic oxide 
(Cr^ O^ ) and silica..
In order to ascertain the required sintering temper­
ature to give the desired porosity, the as-received ore was 
lubricated and pressed in a double acting die. As the 
Conakry specimens were extracted from the die, they had the 
tendency to crack. On heating, the crack-free specimens, 
the specimens again cracked, and these cracks were not 
healed at high temperature sintering. X-ray diffraction 
analysis carried out on the as-received ores confirmed the 
presence of iron and aluminium hydrates, whereas specimens 
heated to temperatures in excess of 1100°C showed the 
presence of dehydrated hematite. It therefore seems 
probable that the cracking during heating was caused by the 
evolution of water vapour as the hydrates break down. A 
preliminary heat treatment was introduced in which the ore 
was treated at 1100°C for three hours in air, after which it 
was lubricated and pressed with no difficulty. The 
sintering temperature as determined by experiment was 131Q°C 
for 20 hours in oxygen. The sieve analysis of the treated 
ore prior to sintering, and the as-sintered chemical analysis, 
are given in Tables 8 and 10 respectively.
Microscopicexamination of the as-sintered specimens 
showed that there is very little slag present, most of the 
bonding being of the direct oxide type. X-ray diffraction 
analysis of reground to minus 104 |j, powder showed that the 
hematite lines did not correspond to the standard, and also 
that the slag lines were extremely weak, although the
presence of mullite, 3 Al20^.2 SiOg, was positively shown.
The lattice parameters for the hematite in Conakry were
compared with those obtained with the standard and values
(96)quoted in the literature'y . The accepted values are 
aQ 5*0317 and cQ 13*7574. The values calculated for the
ohematite in Conakry are aQ = 5*000 and cQ - 15*65A. The c/a 
ratio for both the standard and Conakry hematite are 2.75* 
Assuming that as alumina is taken into the hematite lattice, 
the lattice parameters vary directly, then the decrease in 
lattice parameter for Conakry ore corresponds to approxi­
mately 12% alumina in solution in the hematite. Electron 
probe microanalysis revealed that the hematite contained 
9% AlgO^ ; analysis of the slag was not possible because of 
the very small volume of slag present.
5•1•4♦ Oxfordshire Ore
Oxfordshire is a low grade iron containing only 55.2% 
iron. As shown by the as-received chemical analysis given in 
Table 9? Oxfordshire contains considerable amounts of all the 
main impurities normally found in iron ores. Oxfordshire 
iron ore is a Mesozoic iron ore, and this particular sample 
comes from a Marl stone rock bed^*^. A geological examin- 
ation^k^ shows that the ore is made up of ooliths of 
chamosite in a matrix of chamosite (complex hydrated iron 
silicates), siderite, FeCO^ , and calcium carbonate.
As with Conakry ore, difficulty was experienced in 
obtaining crack free specimens prior to sintering at elevated 
temperatures. Crack free specimens tended to crack badly 
on heating to temperatures in the order of 1100°C. X-ray 
diffraction analysis of the as-received ore showed the 
presence of calcium carbonate, hydrated calcium silicate and 
chamosite* The sample of Oxfordshire ore which had been 
calcined at 1100°C showed that the carbonates and hydrates 
had been decomposed. On lubricating freshly calcined 
Oxfordshire ore, it was possible to produce specimens which 
did not crafsk on extraction from the die or during the heat 
up to the sintering temperature. If the calcined ore was 
allowed to stand for a day, then the powder again became 
difficult to press and the specimens cracked. This deter­
ioration was shown to be due to the hydration of lime 
produced during the calcination. During the preliminary 
sintering test, it was found that specimens of Oxfordshire 
ore were very susceptible to slight distortion if the 
temperature was allowed to be much above the temperature at 
which the slag became fluid. The final sintering temperature 
used was 1205°C for 20 hours in oxygen.
Microscopic examination of the as-sintered specimens 
showed that the iron-bearing minerals were intimately mixed 
with the slag. X-ray diffraction analysis revealed that there 
was very little, if any, hematite present. The iron-bearing 
minerals were calcium ferrites, and the slag consisted of
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gehlenite (2 Gao• Si02) , wollastonite (GaO.SiOg),
anorthite (Ca0.Al20^.2 Si02), as well as other complex 
calcium aluminium silicates. The sieve size analysis of the 
calcined Oxfordshire ore and the as-sintered chemical 
analysis are given in Tables 8 and 10 respectively. Micro­
probe analysis of the iron-bearing and slag phases proved 
difficult because of the two phases being intimately mixed. 
The areas with a high iron content had en analysis of 59% 
F@20^ , 25% Gao, 10% Si02, 5% A120^  and 2% MgO, whilst the 
areas of low iron content had an analysis of 32% Ee20 ,^ 33% 
CaO, 10% A120v  5% MgO and 24% SiOg.
TABLE 8
.Sieve Sizing Analysis of the Ores prior to Sintering
Sieve Size 
microns Stripa wt. %
Kiruna D wt.% Conakry wt. %
Oxfordshire 
wt,%
+ 104 0,8 trace 0*8 trace
104-75 23 o-6 7*2 15 ,8 11*5
75-63 6«3 5.1 7,6 7,1
63-53 15*1 14.1 7,6 12.5
53-44 5,9 6.5 9,8 8*8
-44 LOcCO 67.1 62.0 60.3
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Chemical Analyses of the As-received Ores,
T A B L E  9
nstituent Stripa
wt.% Kiruna D wt.%
Conakrywt.%
Ee205 63 * 80 59.74 74,81
EeO 6.97 24.00 0*4
OaO 1.9 4.6 trace
MgO 1,7 1 . 6 0,7
A1 2°3 0,8 1 . 2 10,4
Si°2 20,24 3.87 1,48
MnO 0 , 1 0 . 1 0 , 1
P2°5
0cue *O 2.7 0 .19
S 0,01 0.032 0.104
0 0 re 0 . 1 Oo3 0 , 1
Loss on 
ignition slightgain
slight
gain 8.5
Cr203 - - 1.53
Oxfordshirewt.%
31.38
2.51
19.50
3.00
6 .1
8.84
0.25
0.53
0.018
16.2
25.7
TABLE 10
Chemical Analyses of the As-sintered Ores
Constituent Stripa Kiruna D Conakry Oxfordsl
wt o % wt F/o wt.% wt.%
Total iron 50.86 59*06 58.7 33*22
Fe^Oj 72.66 84.37 83*86 47*46
Gao 2.08 4.51 0.25 26.29
MgO 1.32 1.38 0.02 4.04
A1 2°3 1 . 1 0 r
o 0 10.40 8.4
Si02 22.92 4.70 1.78 1 2 . 1 2
MnO 0.15 0.13 0.13 0.46
p2° 5 0.047 2.60 0.177 0.67
S 0.005 - - 0.01
0r2°3 - - 1.71 ~
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Uniform polycrystalline specimens were produced by 
compacting fine ground ores, followed by sintering at elevated 
temperatures, to obtain a constant porosity. This technique 
permitted closer control of the specimen structure than the 
alternative methods, such as pelletizing by balling and 
slip casting, which have been used by other 
i n v e s t i g a t o r s ^
The constitution and distribution of the impurities and 
slag phases were determined by microscopic, electron micro­
probe and X-ray diffraction analysis. It was considered 
essential to know these details before attempting to interpret 
the results pertaining to reduction damage. The effect of 
temperature on the compressive strength of the ores as- 
sintered, was studied so as to show the effect of reduction 
on the compressive strength.
The main experimental programme entailed the deter­
mination of the strength and structural changes associated 
with each stage in the reduction of hematite to magnetite, 
wustite and iron. The former involved the measurement of 
the compressive strength before and after reduction at 
various temperatures, and the latter by determination of the 
concurrent changes in specimen volume and microstructure.
The reduction was carried out isothermally in hydrogen/steam 
atmospheres between 550 and 1050°0, so that the effect of 
reduction temperature only could be studied as a separate
5*2o Review of Experimental Methods
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experimental variable.
To ensure that the above changes in properties were due
solely to the temperature and gaseous reduction, many other
experimental variables had to be eliminated. This was
achieved by arbitarily standardizing the processing and testing
(119)conditions as in the previous investigation . This
standardization was used so that it was possible to compare
the behaviour of the iron ores with that of pure hematite, qnd
also hematite with the addition of synthetic slags. Control
of experimental conditions and the physical structure of thp
specimens established a strict comparative basis between the
(119)present investigation and previous work' "  .
Throughout the project many properties had to be 
determined on the as-sintered specimens, to provide a basis 
for comparison of the properties after reduction. In the 
case of high temperatu.re compressive strength determinations, 
this supplied useful data concerning the mechanical 
behaviour of the four ores. In addition, it enables the 
change in strength, due to the differences in the ores, and 
that resulting from changes in specimen structure, to be 
evaluated separately*
In this investigation, the relative behaviour of the 
four ores in various reducing atmospheres has also been 
studied, so as to determine the different behaviour of the 
ores and relate the differences to the chemical composition 
of the ores, A series of reduction rate determinations were
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carried out in hydrogen and hydrogen/steam atmospheres.
These tests showed what effect the impurities have 011 the 
rate of reduction, whilst in the main part of the investigation 
the rate of reduction was maintained constant.
3o3•1• Compacting Dies and Press
Compression strength specimens were produced in a 9*6 
mm. diameter double-acting die, manufactured from D.2 die 
steel (13% Cr and 1.1% C), and used in the hardened and stress 
relieved condition.
The pressing of specimens was carried out using a 
manually operated Griffen and George 10 ton hydraulic preps.
The compacting pressure was indicated on an attached oil 
pressure gauge. This gauge was calibrated using a standard 
proving rig end checked periodically during the project.
3■3•2• Sintering Furnaces
Sintering was carried out in horizontal tube furnaces, 
heated by two banks of four 3*5 ohm, 10 or 14 mm. diameter 
silicon carbide elements connected in series-parallel. A 
750 mm. long, 45 mm. internal diameter, aluminous porcelain 
tube, having a maximum working; temperature of 1450°C, was 
located between the two banks of elements in such a position 
that a 100 mm. uniform temperature zone existed in the tube.
Gas tight seals were fitted at either end of the tube, to 
permit sintering in a controlled atmosphere of oxygen.
The furnace temperature was measured with a Pt/Pt-13%Rb 
thermocouple situated adjacent to the tube centre, and the 
temperature control was effected by an Ether Transitrol 
Controller in conjunction with a 20 amp. Variac transformerf 
The specimen temperature was measured with a separate 
Pt/Pt-13%Rh thermocouple, protected by an aluminous porcelain 
sheath and placed in the tube, so that the hot junction of fihe 
thermocouple was directly above the centre of the 
recrystallized alumina tray, which was used to contain the 
compacts during sintering.
Calibration of the Sintering Furnaces
A 100 mm. uniform temperature zone of + 5°0 was shown 
to exist along the hot section of the sintering tube, the 
temperature of which was calibrated with a standard thermo­
couple. This zone was sufficiently long enough to accommodate 
the alumina tray containing 10 specimens. There was minimum 
variation in the density of specimens located at opposite ends 
of the tray, and between separate batches.
3.3*3* Compression Testing Machine
a) Description of Machine
The machine is shown in Figure 6, with the furnace in 
the raised position, and is illustrated diagrammatically in
Figure 7, with the furnace in the working position. The 
unit basically comprised a rigid steel framework containing 
two high temperature thrust columns mounted vertically on two 
horizontal pressure plates. Uniaxial compressive loads 
were developed between these two columns by a motorised screw 
jack attached to the upper column, and measured on a load 
cell seated vertically below the lower column. A counter­
balanced furnace assembly could be lowered over the column. 
Tests were conducted at temperatures up to 1150°C in 
controlled atmospheres. The mechanical details of the 
various machine components are described below.
b) Machine Framework
The machine framework within which the strength testing 
and heating equipment was assembled, comprised a steel 
framework of 4 mild steel columns, 150 cm. long, secured $t 
the corners to a 55 cm. square and 2 .5 cm. thick steel plate 
at the top and bottom.
The support columns were ground bars whose diameter 
varied from 4.0 cm. to 2 .5 cm. at a point 70.6 cm. from the 
base. Two moveable steel plates were suspended over the 
columns, one over the narrow section and one over the wide 
section. Both plates were counter-balanced by steel weights 
suspended on cables over pulleys bolted to the frame. In the 
working position, the upper plate, which carried the screw 
jack, was secured by 4 bolts to the columns at the point of
change of section; the lower plate, which carried the 
furnace and tube, rested on 4 adjustable stops keyed to the 
lower section of the support columns.
The entire framework rested on 4 adjustable legs on a 
2 .5 cm, thick steel base plate.
c) Furnace and .Ancillary Equipment
The furnace was of the electrical resistance type, 
having four 3*5 ohm, 14 mm. diameter, silicon carbide heating 
elements arranged horizontally around the vertical furnace 
tube. Power was supplied from a Variac transformer to the 
two hanks of two elements in series-parallel. A Pt/Pt-13%Kh 
thermocouple was employed to measure the furnace temperature 
and was located in the central zone of the heating chamber, 
adjacent to the furnace tube. Temperature was controlled 
by means of an Ether Transitrol Controller, giving a maximum 
temperature fluctuation of + 5°C? activating a mercury 
switch in the power circuit• The controller was fitted 
with a motor driven cam to facilitate programmed heating 
schedules. A separate Pt/Pt-13%Ph thermocouple, cased in the 
lower thrust column with its hot junction adjacent to the 
specimen, indicated the true temperature of the specimen.
An impervious aluminius porcelain tube, 52 cm. long, was 
employed, having an internal diameter of 55 nun,, and having 
an external diameter of 65 nun* Gas tight seals were made 
between the tube and water-cooled flanges. Lion silicon
rubber ’O' rings were employed in both seals, as they xvere 
capable of withstanding the high temperatures developed in 
these positions.
A 10 cm* diameter, 12.5 cm* long, stainless steel 
bellows was incorporated in the upper furnace flange, to 
provide adequate flexibility, and accommodation for expansion 
of the furnace tube during heating and thrust column 
movement during testing.
The furnace was seated on a counter-balanced steel 
plate capable of a 45 cm. vertical displacement above the 
working position to enable the replacement of specimens.
This also ensured smooth movement about.the suppbrt columns, 
and hence reduced the risk of misalignment.
The furnace was calibrated in the same manner as that 
described for the sintering furnaces. A uniform temperature 
zone, 50 nmu long, in which the temperature had a maximum 
variation of + 5°0, existed in the furnace and was sufficient 
to avoid thermal gradients being created in test specimens,
d) Thrust Columns
The lower thrust column was a composite assembly, 5 cm. 
diameter, comprising a stainless steel section in the low 
temperature zone and a fused alumina section in the high 
temperature zone, as shown in Figure 8. The stainless steel 
section was recessed and supported in a 2 .5 cm. thick, 12 .5  
cm. diameter, hardened steel disc, which was located directly
above the load cell. The entire column was machined with a 
5 mm. square groove to accommodate the internal thermocouple 
employed to measure the specimen temperature. The upper 
assembly comprised of a fused alumina rod, 3*0 cm* diameter 
and 15 cm. long, which was rigidly attached to the loading 
screw of the jack by a 5 cm. stainless steel collar.
All component parts of both the upper and lower 
assemblies had accurately ground faces and recessed joints, 
to ensure perfect alignment and rigidity; a condition 
necessary to prevent lateral thrusts being developed during 
testing.
The specimens were seated between ground pressure 
platens attached to the end of eaon. thrust column. In the 
tests conducted on reduced specimens and the low temperature 
test on unskreduced specimens, i.e. temperatures below 900°C, 
the platens of sintered tungsten/titanium carbide were used. 
However, for the high temperature tests these were replaced by 
recrystallized alumina discs. This modification was required 
because the use of oxygen as the atmosphere caused excessive 
oxidation of the carbide platens. The alumina platens could 
not be used at low temperatures because the fracture loads 
required were frequently greater than that of the alumina.
e) Loading Mechanism
The compressive load was developed by a 2,300 Kg. Duff 
Norton worm gear jack, manufactured by the Consolidated
Pneumatic Tool Company Ltd, The jack body was bolted to 
the support plate in the inverted position with the lifting 
screw located in a bronze bush vertically above the specimen.
Both the lifting screw and the worm gears of the jack 
were precision machined so as to produce a constant movement 
per revolution over the entire working range. This was 
confirmed in calibration tests to represent 1 . 0 mm. linear 
movement per revolution of the worm gear spindle.
A micrometer vernier was positioned so that the spindle 
of the dial gauge rested on the free end of the lifting 
screw, which was machined flat and perpendicular to the axis 
of the screw, so that it was possible to measure the exact 
vertical movement of the upper thrust column during testing.
The loading unit was motorised by a Sadi 1/3 horse 
power three phase motor, having a constant output speed of 
1440 r.p.in. This drive speed was reduced step-wise by four
Sadi gearboxes in series with the motor drive. Also
incorporated in the reduction unit was a Sadivar speed 
variator, which permitted the final drive speed to he varied 
infinitely between 0.14 and 0.87 r.p.m.
A demountable coupling between the loading jack and 
the motor unit enabled the former to he disconnected so as to 
allow the furnace to be raised during the reloading operation. 
This coupling also acted as a safety link to ensure that the
jack and load cell never became overloaded.
f) Load Cell
The load cell was of the electrical resistance strain 
gauge type, having a maximum load capacity of 4000 Kg, and an 
accuracy of + 0.1% for axial compressive loe-ds throughout 
the whole range.
The sensitive element, which was protected by a tough 
outer case, was a thin alloy steel cylinder, carefully 
machined and ground to fit end caps through which the load 
was transmitted. There were eight 100 ohm strain gauges 
attached to the inner surface of the cylinder, of which four 
were vertically mounted active gauges with their sensitive 
directions parallel to the axes of the cylinder, and the 
other four were compensating gauges with their axes perpen­
dicular to the active gauges. This gauge pattern corrected 
for anomalous sensitivity of the cell which it experiences 
from non-axial loads. The strain gauges were wired to a 
central spider so that a complete resistance bridge was 
contained within the cell. Two 9 volt dry batteries in series 
were connected with both a variable resistor and the input 
circuit, and a calibrated voltmeter was connected across the 
bridge terminals. Prior to each test the input voltage was 
standardized at 10 volts by adjustment of the variable 
resistor. As the output of the resistance bridge was load 
dependent, the application of load on the cell resulted in a 
change in the output potential, while the input potential 
remained constant. This change was linearly proportional to
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the applied load and was indicated on the calibrated voltmeter 
connected across the bridge.
The load was transmitted to the cell from the lower 
thrust column by three 12 mm. diameter steel balls seated 
circumferentially around the upper pressure cap of the cell. 
This three point location was a precautionary measure taken 
to minimize non-axial loading, and to prevent the cell 
exceeding the maximum operating temperature of 40°0, specified 
by the manufacturers.
Calibration of the Load Cell
Before installation, the cell and indicating instruments 
were calibrated over the whole working range on a Mohr 
Federhaff Universal testing machine, and the linear relation­
ship between load and output voltage was verified. The 
calibrated voltmeter was so designed that for low loads the 
sensitivity could he increased twofold, i.e. a full scale 
deflection would be equivalent to a 50% deflection using the 
lower sensitivity, which was required for the high loads.
The behaviour of the cell was checked periodically 
throughout the project and was found to be constant.
3•3•4. Units for the Preparation of Reducing Atmospheres
Hydrogen was employed in this investigation as the 
reducing medium, and the reducing potential of the atmospheres
98.
was controlled by varying additions of steam. Hydrogen was 
chosen as the reducing agent because it was considered that 
side reactions that take place when carbon monoxide, the 
major industrial reductant, is used would complicate the 
reduction x^ocesses and limit the interpretation of the results.
The method of hydrogen/ste&un atmosphere preparation 
described below was selected after others, namely, hydrogen 
saturation in water baths, reacting controlled hydrogen and 
oxygen volumes, and the metering of water, had proved 
unsatisfactory. These latter techniques either had too 
limited ranges of hydrogen/steam ratios, or were inadequately 
sensitive to control of reducing potential.
The apparatus employed for producing gaseous mixtures 
of hydrogen, steam and argon is shown diagrammatically in 
Figure 9* These units were designed to supply continuously 
reducing atmospheres of controlled composition to the Thermo 
Gravimetric Balance and the reduction furnace, both of whiqh 
are described later.
The hydrogen and argon were high grade products whose 
major impurities were water and oxygen. The amount of these 
impurities was approximately 2 to 5 parts per million, and so 
the gases neve Yised directly from the cylinders without further 
purification.
Both gases were metered at room temperature in standard 
rotameters, employing a constant input pressure of 5 Ib./sq.in.
The argon and hydrogen were subsequently mixed and passed 
through a copper coil contained in an electrically heated 
pierrite chamber, which was thermostatically controlled at 
120 ° 0 .
The steam was generated in a copper boiler and super­
heated prior to metering. The super-heating was effected 
in two separate coils, one adjacent to the generator, and the 
other contained within the temperature controlled chamber.
The second coil ensured a constant temperature steam supply 
to the flowmeter, which was also enclosed in the pre-heating 
chamber. This meter, which incorporated viton rubber seals 
and a high temperature needle valve, was calibrated by the 
manufacturers for dry steam at 120°G, The steam flow rate 
could be observed through a narrow window in the front panel 
of the chamber, and adjusted externally.
A pressure release valve was fitted in the steam 
supply line to reduce fluctuations in flow rate caused by 
slight variations in steam pressure. This comprised a steam 
off-take pipe and flow valve between the two super-heater 
coils, which extended into a constant head of water. Fine 
adjustment of this valve enabled a constant flow meter 
input pressure to be maintained, independent of the 
generator pressure.
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3•3•5• Thermo Gravimetric Balance
The apparatus employed for the determination of 
reduction rates is illustrated diagrammatically in Figure 10. 
The apparatus was built to a similar design to the compression 
testing machine, as described in Section 3*3*3* The 
differences in the design consisted of removal of the upper 
thrust column and screw jack, A two pan balance, capable of 
weighing to 0.1 mg., was placed on the steel plate directly 
above the furnace. The right hand pan was removed, and the 
suspension wire was hung from the right hand stirrup which 
was in turn attached to the balance arm. The upper part of 
the suspension consisted of a rigid iron wire, whilst the part 
in the furnace consisted of a fine platinum wire, to which was 
attached a platinum crucible in which the specimen was placed. 
To facilitate changing of specimens, the steel plate on which 
the balance stood could be raised 20 cms. The temperature 
control described in Section 3*3*3*> and the calibration 
procedure described in Section 3*3*2., also apply to this 
furnace.
The hydrogen and argon were metered at room temperature 
and fed into the top of the furnace. In the series of 
reduction tests using a hydrogen/stearn/argon atmosphere, the 
hydrogen and argon were metered at room temperature and sub­
sequently mixed before being passed through the electrically 
heated pierrite chamber which also contained the steam flow 
meter. The hydro gen/s teem/argon atmosphere was then fed
The design of this apparatus eliminated the complications 
that have been reported^ 88 ^ to arise as a result of 
endothermic reactions. It was shown in preliminary tests 
that the heat capacity of the furnace was sufficient to 
compensate rapidly for any decrease in specimen temperature 
resulting from these reactions.
3.3*6* Reduetion Furnace
This furnace was built to the same design as the 
sintering furnace as described in Section 3*3*2. To one end 
of the aluminous porcelain furnace tube was attached an 
aluminium flange which coupled with a similar flange on the 
steam metering imit. The two flanges were held together by 
four Allen bolts. A gas tight seal between the flanges was 
obtained by using a silicon rubber '0l ring.
The hydrogen and argon were metered at room temperature, 
and after mixing were passed to the electrically heated 
pierrite chamber which also contained the steam flow meter.
The hydrogen/stearn/argon mixture was then fed into the 
furnace tube. The waste gases passed from the other end of 
the tube into a wash bottle containing a constant head of 
water, so that the pressure in the furnace tube was slightly 
above atmospheric pressure.
into the top of the furnace.
The temperature control and calibration procedure 
described in Section 3*3«2- also apply to this furnace.
The design of this furnace eliminated the complications said 
to arise as a result of endothennic reactions. It was shown 
that the heat capacity of the furnace was sufficient to 
compensate rapidly for any decrease in specimen temperature 
resulting from these reactions.
3.4. Experimental Procedures
3.4.1. Preparation of Specimens
a) Pressing and Sintering
The materials for compacting contained varying 
proportions of size fractions from 104 \x to minus 44 p-. 
Preliminary tests had shown that there was segregation of the 
slag constituents. These constituents were mainly associated 
with the small size fraction, i.e. minus 44 p,. It was 
therefore necessary to use the ore without screening, after 
it had been ground to minus 104 p In a planetary ball mill. 
These powders were mechanically mixed for a _ twelve hour 
period and subsequently pressed at 30 t.s.i. in the double 
acting die. Each batch of powder contained 0.25% of paraffin 
wax added in trichlorethylene solution as a die lubricant 
and temporary binder. The solvent was evaporated from the 
compacted specimens at room temperature, and the wax distilled 
off between 300 and 400°C.
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The green compacts were sintered at elevated temper­
atures for twenty hours in an oxygen atmosphere, to obtain a 
porosity of approximately 1 2 .0%, During this sintering, all 
specimens were placed on platinum foil in recrystallized 
alumina trays. The experimental details of the sintering 
conditions for the ores are quoted in Table 11. Also quoted 
in this table are the various pre-treatments which were shown 
to be necessary so as to obtain a sintered porosity of 
approximately 12.0%, The specific gravity, green porosity 
and the sintered porosity of the specimens are -quoted in 
Table 12.
b) Specimen Dimensions
The length of the green specimens was restricted to 11 
mm., as this represented the maximum length over which 
uniform density could be ensured during compaction. The 
length to diameter ratio of the sintered specimens was finally 
adjusted to 1 .1 / 1 by accurately grinding the plain ends.
This ratio fell within the range recommended by the U.S,
Bureau of Mines^^^ and the for the compression
testing of fine grained rocks of similar physical structure 
of these compacted iron ores.
Grinding also ensured that the ends of the specimens 
were perfectly parallel and perpendicular to the long axis; 
an essential condition for good reproducibility. The 
specimens produced from Oxfordshire ore tended to undergo
some distortion during sintering so that these specimens had 
to be ground to true cylinders, as well as having the ends 
ground.
The diameter of the specimens was restricted by the 
load capacity of the compression testing machine. The 
specimens were therefore produced in a 9*6 mm. diameter die.
TABLE 11
Sintering Conditions and Pre-Treatments 
used in Preparation of Slag"Bonded Iron 
Ore Specimens
Material Treatment Temperature
°0
Time
Hours Atmosphere
Conakry Calcination 1100 -70 Air
Sint ering 1310 20 Oxygen
Kiruna D Sintering 1220 20 Oxygen
Stripa Pr e - Tr e at m ent 1400 5 Oxygen
Sintering 1225 20 Oxygen
Oxfordshire Calcination 1100 3 Air
Sintering 1205 20 Oxygen
3.4.2. Density and Porosity Determinations
The specific gravity of each material investigated was 
determined in a standard pycnometer (B„S. 117)? employing the 
method B.S. 1902. The powder used was the minus 104 (jl, 
produced by pulverising specimens of the sintered materials 
in a planetary ball mill. The mean values of three
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determinations from each material are quoted in Table 1 2 .
The apparent density of the specimens was evaluated 
from the specimen weight and external dimensions.
The porosity of the specimens was then calculated in 
terms of the above two parameters, i.e. true and apparent 
density. These values are also quoted in Table 12,
Although a considerable effort was made to minimize porosity 
differences between specimens of the various materials, it 
proved impractical to achieve perfect standardization.
However, it is considered that the maximum variation of 1.5% 
is sufficiently small to still allow valid comparison between 
the four ores and also the previous work of Brill-Edwards^^).
The apparent volume changes, occurring as a result of 
reduction were calculated directly from the external dimensions 
of the specimens. These were measured with a micrometer 
before and after reduction.
TABLE 12
Physical Properties of Materials and Specimens
Material SpecificGravity Porosity %
Green Sintered
Conakry 
Kiruna D
4.72
4*65
3 * 8 7
3.69
32.-0 11,5 + 0 . 5
22*3 11 .5 ± 0 , 5
2 7.7 11*5 + 0.5
27 .7 11 .5 + 0 . 7Oxfordshire
3*4*3* Metaliographic Techniques
a) Mounting and Polishing
(94 1 1 5 )As reported by many investigatorsw  9 difficulty
dan be experienced in preparing iron ores for microscopic 
examination; in particular, those resulting from the 
reduction of a higher oxide. Acceptable results were, 
however, achieved in this investigation by employing the 
following impregnating and polishing procedure,
oThe specimens were impregnated under a vacuum of 10 
mm. of Hg. with a 8/1 by weight mixture of Araldite AY 103 
epoxy resin and Araldite HY 951 hardener. A greater depth 
of penetration was achieved by maintaining the resin mixture 
at 35°C in a water bath during the impregnation period. The 
resin was cured at room temperature for 24 hours prior to 
sectioning on a diamond slitting wheel. This was followed 
by a prolonged polish on a 6 \x diamond lap and final polish­
ing on 1 (i and 1/4 \i laps. It proved essential to avoid 
preliminary polishing on coarse fixed abrasives, such as 
silicon carbide papers, as these tore grains away from the 
specimen surface, giving false impressions of the pore 
structure.
Hematite, being the hardest^^ of the three oxides, 
proved the most difficult to polish, and required considerably 
longer polishing times than either magnetite or wustite.
Wustite, although appearing to develop a highly 
polished surface rapidly, required a modified polishing
technique as this surface revealed heavy scratches when 
etched. This effect is attributed to the presence of a thin 
surface layer of flowed oxide which covered the main oxide 
surface. To overcome this difficulty, a polish attack 
technique was employed, using a 0.5% solution of hydrofluoric 
acid.
The above mounting and polishing procedures were 
employed in the preparation of sintered, fully and partially 
reduced specimens for microscopic examination, to determine 
the structural changes that occurred during reduction. In 
addition, compression specimens were prepared and examined 
in the same wa;y to reveal details of the fracture surfaces 
and the changes in structure incurred during plastic 
deformation.
b) Identification of Phases
Hematite and iron were readily distinguished from 
magnetite and wustite by their difference in optical reflect­
ivity. However, magnetite and wustite could only be 
differentiated after chemical etching in either 5% aqueous 
solution of hydrofluoric acid or acidified stannous chloride. 
The former etchant was also employed to reveal the grain 
structure of the magnetite and wustite produced in reduced 
specimens.
The slag phases were of lower optical reflectivity 
than the iron oxides and could be readily distinguished
without etching. Identification of the different slag 
phases present was limited to differentiation between calcium 
monoferrite and calcium diferrite using dilute hydrochloric 
acid, the latter etches faster than the former, and certain 
silicates could be classified into those which are etched 
with water and those which could be etched with acid. X-ray 
analysis was used to obtain positive identification of the 
various slag phases present in the specimens.
c) Photomicroscopy
All photomicrographs were taken on a Zeiss photomicro­
scope o This instrument was fitted so as to take photomicro­
graphs in both normal and polarised light, A Wratten 74- 
filter was employed to improve phase contrast.
X-ray analysis was carried out on the as-received, 
pre-treated, sintered and reduced iron ores to determine the 
phases present, and to confirm the completeness of trans­
formations and reductions.
Powder diffraction photographs were taken in a 15*0 cm. 
diameter Phillips camera, employing iron filtered cobalt 
radiation and exposure times of up to six hours. The 
majority of the powder diffraction photographs were taken 
using a Guinier Focussing camera. Iron filtered cobalt 
radiation was used with exposure times of 24- hours. The ' df
values were calculated from these photographs and compared 
with the standard values quoted in literature for the 
respective phases.
The three iron oxides and the main slag phase were 
identified by this method. However, there were' some slag 
phases present which could not be positively identified, 
either because of their complex nature, i.e. complex calcium- 
alumino-silicates, or because of insufficient material.
3*4.5* Electron Micro-probe Analysis
a) Instrument
The instrument employed throughout the investigation 
was a Geoscan Mk. I, manufactured by the Cambridge Instrument 
Co. Ltd.
b) Experimental Procedure
As the iron ores were all poor electrical conductors,
it was necessary to coat the sample surface with a conducting
film, to prevent a standing charge building up causing
instability of the electron beam. A thin carbon film was
employed which successfully stabilized the beam. Ridal et 
( 1 6 9 )al#' J have neported that inconsistent analyses were 
obtained using carbon films; however, in this investigation 
no such inconsistency occurred. The coating procedure 
involved electric arc deposition of carbon on to the surface 
of the samples under a vacuum of 7*10 > torr. To ensure
uniform coatings were obtained, all specimens and standards 
were coated at the same time.
The instrument was operated with an electron beam 
voltage of 20 Kv., beam current of 50 microamperes and a 
specimen current of 40 millimicroamperes.
An X-ray coimting procedure, similar to that of Ridal 
( 1 6 9 )et al.v , was employed, in which the spectrometer was 
scanned through the peak spectrum angle, and the X-ray signal 
recorded on a chart. The spectrometer was then set at the 
angle which gave the maximum response, and then counts were 
taken for ten seconds. The background was counted one 
degree each side of the peak angle and then the mean was sub­
tracted from the peak counts.
The X-ray intensities for each of the elements and
standards could not be directly related to the concentration
in the specimen, because of the secondary effects, such as
absorption and fluorescence, which occurred within the specimen.
The apparent results of both specimen and standard were
corrected for these effects by formulae originally compiled
by Philibert^^ , Castaing^^ Duncomb^^^ and
( 1 7 4 )Green^ ( fa The calculations, utilising the correction 
equations, were carried out using, a computer with a programme 
devised by Mr. li.T. Frost of Imperial College.
3-4.6. Compressive Strength Determinations
a) Standardization
To permit comparison of the compressive strengths of 
each material, it was necessary to standardize certain test 
conditions and specimen properties. The specimen properties, 
which included size and porosity, were controlled during the 
preparation ofwthe specimens and have been discussed in 
Sections 3.4.1. and 3.4.2. The test conditions, which 
involved control of strain rate and establishing a strength 
criterion, are described below.
A strain rate suitable for the testing of sintered 
and reduced materials at both high and low temperatures, was 
determined during preliminary experiments. This rate of 
strain of 3% strain per minute, represented a loading of
Q4.0 ICg/mm /minute, which compares well with the maximum rate 
2of 4.2 Kg/mm /minute recommended for testing fine grained 
rockS^ 67>’
Employing a constant strain rate will inevitably result 
in a change in loading rate with temperature, according to 
the changes in the elastic and plastic properties of the 
specimen. However, it is considered unlikely that the 
strength deviation resulting from this will fall outside the 
limits of experimental accuracy. This assumption is based 
on the U.S. Bureau of M i n e s r e p o r t ,  which stated that a 
four-fold change in rate used for testing rocks only caused 
a 6°/o change in the compressive strength.
The criterion of strength for materials fracturing 
before 5% deformation had occurred, was taken as the maximum 
applied stress. On the other hand, when materials deformed 
without fracturing, the strength was reported as the stress 
necessary to induce 5% plastic deformation. Longitudinal 
deformations of this order were shown to cause less than 3% 
increase in the area of the load bearing faces, and 
consequently, the stress could be calculated on the original 
cross-sectional area of the specimen.
b) Test Procedure
The specimen was assembled between the pressure 
platens, and centralized with a jig. The furnace assembly 
was lowered and gas tight seals were made between the bottom 
tube flange and the lower thrust assembly. The tube was 
then purged with the appropriate gas and the specimen raised 
to the test temperature at a rate of 7°0/ minute, then held 
at temperature for 30 minutes prior to compression. The 
load applied was recorded continuously until fracture on the 
load cell indicator.
In the tests where fracture did not occur, the specimen 
deformation was measured continuously. This was represented 
by the vertical displacement of the upper thrust column, and 
was indicated on the dial gauge of the micrometer attached 
to the top of the screw jack. The extent of the deformation 
was subsequently confirmed by micrometer measurements on the
cooled specimen.
The same basic procedure was employed in the 
reduction strength tests, except that the specimens were sub­
jected to a six hour reduction treatment prior to being 
placed in the compression rig, and reheated to the same 
temperature at which the reduction had been carried out. An 
inert atmosphere of pure argon was used to prevent any 
reoxidation during the heating up to and holding at temperature 
prior to testing.
3.4.7. Procedures in Reduction Strength and Volume Changes
Sintered specimens were isothermally reduced to 
successive lower oxides and to iron, at temperature intervals 
between 550 and 1050°C, the same procedure being employed in 
both reduction strength and volume change determinations.
This involved raising the specimen to the reduction temperature 
at 7°C/minute in an argon atmosphere and soaking at this 
temperature for 30 minutes. Subsequently, the reducing 
atmosphere, comprising hydrogen, steam and argon, was 
admitted at the rate of 3000 ccs/min. for the reduction period 
of six hours, after which the specimen was cooled in an 
atmosphere of argon. The specimen dimensions were then taken 
with a micrometer and hence the volume change could be 
calculated. If the specimen was going to be used for a 
strength test, the specimen was positioned in the compression 
rig and reheated to the reduction test temperature, after which
it underwent a compressive strength test*
A constant reduction rate was employed in both strength 
and volume change determinations, as preliminary experiments 
indicated that the rate influenced the magnitude of the 
structure.! changes. The reduction rate was chosen 
arbitrarily as that necessary to complete the reduction step 
of a 3oO gram specimen in six hours.
The appropriate ranges of hydrogen/steam ratios necessary 
to achieve these reductions were obtained from the Fe-O-H 
equilibrium d i a g r a m ^ , whereas the exact ratios required 
to maintain the constant reduction rate were determined using 
the thermo-gravimetric balance, which was described in 
Section 3*3*5» The specimen under test was placed in the 
platinum crucible. After heating at 7°0/min., to the test 
temperature, the chosen atmosphere was admitted to the 
balance at a gas flow rate of 3000 cc./min* The loss in 
weight of the specimen was recorded at regular intervals 
until the reduction step was complete. The required 
atmosphere was one that gave the complete reduction step in 
six hours. Microscopic examination and X-ray analysis of 
the reduced specimens was used to confirm the completion of 
each reduction step. However, once the reducing conditions 
had been established, the reductions were only followed by 
weight change measurements and microscopic examination.
The thermogravimetric balance was used for partial 
reduction tests. The specimen was heated to the test
115-
temperature at 7°0/min. and then the atmosphere appropriate 
to a six hour complete reduction was admitted. The test 
was terminated when the specimen had lost the required 
weight. It was therefore possible to examine, microscop­
ically, specimens which had undergone partial reductions, i; e. 
25% and 50% complete reduction. These tests were of use in 
helping to postulate mechanisms of reduction.
5*4.8. Procedure in the Reduction Rate Determinations
The reduction rates of the specimens produced from the 
four ores were determined isothermally at 5509 620, 750 and 
1050°0, which spanned the temperature range over which the 
major structural changes occurred. Three series of tests 
were carried out. In the first, the reducing atmosphere 
consisted of a 1:9 by volume hydrogen/argon mixture, with a 
gas flow rate of 3 litres/minute; in the second, the reducing 
atmosphere consisted of a 75:25 hydrogen/steam and argon 
mixture, also with a gas flow rate of 3 litres/minute, and 
in the third series, only hydrogen was used. Further tests 
were carried out to investigate the effect of gas flow rate, 
and hydrogen partial pressure in a hydrogen/argon mixture at 
550°C.
The procedure involved raising the specimen to the 
test temperature at 7°9/min. in an argon atmosphere and, 
after reaching isothermal conditions, admitting the reducing 
atmosphere at the rate of 3000 cc./min* The progress of
reduction was then recorded at 5 minute intervals by the 
decrease in specimen weight. In the case of rapidly reduced 
materials, the tests were continued until more than 95% 
reduction had been achieved. However, in the case of slower 
reductions, they were terminated after 400 minutes.
The degree of reduction was reported as the percentage 
of available oxygen removed, which was calculated from the 
weight change and the total oxygen associated with the iron 
in the specimen. The results of these determinations were 
treated mathematically to obtain an expression representing 
the progress of reduction, from which the reduction rates 
were calculated.
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4. THERMO-G-RAVIKETRIC ANALYSIS
The main object of thermo-gravimetric analysis was to 
determine how each of the ores behaved under reducing 
conditions, keeping the reduction atmospheres and temperatures 
constant. Three series of tests were carried out, utilising 
three reduction atmospheres. These atmospheres were :
(a) 10% 'hydrogen/90% argon, (b) 75% hydrogen/25% steam, and 
(c) 100% hydrogen. It was found that the greatest 
differences in the behaviour of the ores occurred at low 
temperature reduction. Further tests were carried out in 
which the atmosphere consisted of hydrogen and argon. These 
tests investigated the effect of total gas flow rate and 
partial pressure of hydrogen on the reduction of iron ores.
4*1- Hydrogen/Argon Atmosphere
The reduction atmosphere used in this series of tests
consisted of 10% hydrogen and 90% argon, with a normal total
gas flow rate of 5 litres/minute, This ratio of hydrogen to
argon was chosen so that the present investigation could be
(119)compared with previous work in which the reduction of
pure sintered hematite, and hematite with added synthetic 
slags, was studied. It was also decided to use these gas 
ratios because at high temperature, i.e. 1050°C, it was 
possible to follow the reduction, whilst if a higher partial 
pressure of hydrogen was used, the reduction was too rapid to 
determine the weight losses for each interval of time accurately
The results from these tests are tabulated in Tables B1-8  
and presented graphically in Figures 11-16*
4.1.1. Stripa Ore
The reduction of Stripa ore was carried out at three 
temperatures, 550, 750 and 1050°C. The results obtained 
from these tests are tabulated in Table B.1 , and presented 
graphically in Fig.11, which shows that reduction at 1050°G 
and 750°0 proceeds to beyond 90% reduction, whilst the 
reduction at 550°C reaches approximately 55% when the gas 
flow rate is 3 litres/minute. Also shown in Fig,11 are the 
reduction curves obtained when the gas flow rate is altered. 
If the gas flow rate is reduced to 1-J- litres/minute, the 
reduction at 550°0 appears to reach an apparent equilibrium. 
The results for this test and the results for two composite 
tests, in which the gas flow rate was varied after 200 
minutes, are given in Table B.2. These composite tests show 
the apparent equilibrium reached with the low gas flow rate, 
is easily disturbed to give further reduction when the flow 
rate is increased. The second composite test shows that if 
the gas flow is reduced after 200 minutes, then a further 
apparent equilibrium is reached. In the test in which the 
gas flow was increased after 200 minutes the reduction from 
11.9% to 40.4% took 200 minutes. The test in which the 
gas flow remained at 3 litres/minute, underwent the reduction 
from 1 1 .9% to 39% iu 200 minutes. Microscopic examination
and X-ray analysis of specimens which had reached apparent 
equilibrium failed to show any reason for the equilibria,
4.1.2, Kiruna D Ore
The reduction of Kiruna D ore was carried out at three 
temperatures, 550, 750 and 1050°C. The results of the tests, 
in which the gas flow rate was 3 litres/minute, are tabulated 
in Table B„3, and represented graphically in Figure 12.
The main difference between these graphs for Kiruna D and 
those obtained with Stripa ore are that at 750 and 550°C, the 
Kiruna D reduced to a lesser extent. Tests were also 
carried out in which the reduction temperature was kept 
constant at 550°C, with the gas flow rate and the partial 
pressure of hydrogen varied. Figure 13 readily shows the 
effect of varying the gas flow rate between 1-J- and 6 litres/ 
minute, the change in reduction rate being less significant 
on increasing the rate from 3 to 6 litres/minute, compared 
with the decrease in reduction when the flow rate is reduced 
to 1-J litres/minute. This figure also shows that increasing 
the partial pressure of hydrogen from 0 .1 to 0.5 atmospheres 
caused an approximate doubling of the percentage reduction 
after 400 minutes.
The reduction of Conakry ore was carried out at four 
temperatures, 550, 620, 750 and 1050°G. Figure 14 shows 
that the reduction carried out at 1050°0 is basically similar 
to the two previous ones, whereas the reduction at 750°0 
reaches 62% reduction after 400 minutes. The test carried 
out at 550°0, with a gas flow rate of 3 litres/minute, 
appears to reach equilibrium after 14% reduction. Microscopic 
examination of this specimen revealed only the presence of 
magnetite. X-ray diffraction analysis also only showed the 
presence of magnetite. Figure 14 does show that by raising 
the test temperature to 620°0, then reduction beyond magnetite 
is possible, but at a slow rate. The results of tests in 
which the hydrogen partial pressure and gas flow rate were 
varied are tabulated in Tables B.5 and 7 respectively, and 
presented graphically in Figure 15. This figure shows that 
on increasing the flow rate to 6 litres/minute, at 550°C, it 
is possible to cause reduction to proceed beyond magnetite. 
There is a negligible effect caused by reducing the gas flow 
to 1-J- litres/minute. Figure 15 also shows the effect of 
increasing the partial pressure of hydrogen from 0 .1 to 0,5 
atmospheres. Reduction proceeds heyond magnetite; however, 
the effect of increased partial pressure is less significant 
than with Kiruna D ore.
4.1.3“ Conakry Ore
The reduction of Oxfordshire ore was studied at four 
temperatures, 550, 620, 750 and 1050°C, with a gas flow rate 
of 5 litres/minute. Figure 16 shows that complete reduction 
to iron is possible at 1050°C, the time taken, however, being 
twice that for the other ores. Reduction at 750°0 is again 
slow, only reaching 33%.after 400 minutes, whilst reduction at 
550°G is negligible - 0.1% after 400 minutes. The graph for 
the reduction test at 620°G shows that reduction is possible 
but at a very slow rate.
4.2. Hydrogen/Steam Atmosphere
The reduction atmosphere used in this series of tests 
consisted of 75% hydrogen and 25% steam, with 1 litre/minute 
of argon to give a total gas flow rate of 3 litres/minute.
This atmosphere was prepared in a unit described in Section 
3*3*4. The hydrogen/steam ratio was chosen arbitarily, so 
as to give a reduction rate for Stripa at 1050°C, the same as 
for the hydrogen/argon atmosphere used in the previous series 
of tests. Stripa ore was used to determine the required 
atmosphere because, as shown in Fig.11, Stripa had the 
highest rate of reduction of all the ores.
The results of these tests are tabulated in Tables B.9- 
1 2 , and presented graphically in Figs.17~20.
4.1.4. Oxfordshire Ore
The reduction of Stripa ore was studied at three 
temperatures, 550, 750 and 1050°C. Figure 17 confirms that 
the atmosphere used gave a similar rate of reduction at
1050°C, as shown in Figure 11. The reduction at 750°C is
both faster and reaches completion, as compared with the 
reduction using the hydrogen/argon atmosphere. The 
reduction carried out at 550°C rapidly reaches equilibrium 
after about 11% reduction. Microscopic examination and X-ray 
diffraction analysis confirmed only the presence of 
magnetite in the specimen which had reached equilibrium.
4.2.2. Kiruna D Ore
The reduction at three temperatures, 550, 750 and 1050°C,
was carried out for Kiruna D ore. Figure 18 shows that the
rate of reduction at 1050°0 is increased so that it is in 
fact slightly faster than the equivalent rate for Stripa ore. 
The reduction tests carried out at 750 and 550°C both reach 
equilibrium, after 33% and 11% reduction respectively. In 
both cases, the rate of reduction until equilibrium is 
reached is very similar to the rate for the same amount of 
reduction using the hydrogen/argon atmosphere. If the Fe~
0-H equilibrium diagram proposed by Wiberg^^^ applies to
iron ores, as well as pure oxides, then the reduction at
750°0, using an atmosphere consisting of 75% hydrogen/25% steam
should proceed to completion, and not reach equilibrium after
33% reduction. The equilibrium reached at 550°0 is to be
(132) expected'  ^' •
4.2.3* Conakry Ore
The reduction of Conakry ore was studied at three 
temperatures, 550, 750 and 1050°C. Figure 19 shows that the 
reduction at 1050°C proceeds at a similar rate to that when 
the hydrogen/argon is used, the reduction beyond 90% being 
very slow. The reduction carried out at 550 and 750°C both 
reach equilibrium.
4.2,4. Oxfordshire Ore
The reduction of Oxfordshire ore was studied at three 
temperatures, 620, 750 and 1050°C, 620°C being used because 
it was found impossible to cause any reduction to take place 
at 550°C. Figure 20 shows that comparing the reduction at 
1050°C in both atmospheres, there is very little difference 
in the reduction rates. In the case of the hydrogen/steam 
atmosphere, the reduction tends to be very slow beyond 85% 
reduction. In the case of reduction at 750°C, the reduction 
appears to be reaching equilibrium at 27% reduction, and that 
reduction at 620°C proceeds very slowly.
The purpose of this series of tests was to study the 
reduction of the ores at a greater number of temperatures than 
in the two previous series of tests. Reduction was carried 
out in the temperature range 500 to 1000°0, at 100°C
intervals. Various workers studying the reduction of
(94) (175)hematite ' and powdered oresv f ' have reported a large
decrease in the rate of reduction at approximately 650°C,
when using an atmosphere of hydrogen only. The atmosphere
used was completely hydrogen at a gas flow rate of 1 litre/
minute. It was found that the rate of reduction was so fast
above 800°G that the times taken for 50? 75? 80, 85, 90 and
95% reduction were noted, and results plotted as time to
reach % reduction versus reduction temperature. Since it
was desirable to investigate how a pure hematite compact
would reduce under these experimental conditions, a batch of
hematite compacts was produced from micaceous Sierra Leone
(119)concentrate as described m  previous workv 'fa
The results obtained with these tests are tabulated in 
Tables B. 13-17? and presented graphically in .Figs.21-25.
4.3.1. Stripa Ore
Fig.21 shows that reduction is very rapid,.above 800*0a 
As the temperature decreases, then the time for reduction 
increases until, at 500°0, when 450 minutes are required for 
85% reduction. Thore is, however, no tendency for the
4.3* Hydrogen Atmosphere
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reduction rate to decrease at approximately 650°0. As the 
temperature is increased above 800°0, the increase in the 
rate of reduction is very small.
4.3*2. Kiruna D Ore
The results obtained with Kiruna D ore are tabulated 
in Table Eh 14, and presented graphically in Figure 22. 
Comparing this figure for Kiruna with that obtained with 
Stripa, it is apparent that there is a much more gradual 
increase in reduction rate as the temperature is increased. 
There is no minimum in the reduction rate in the range 600 to 
700°0; however, the increase in reduction rate is very 
small, only when the temperature is in the order of 1000°0 
does the reduction rate of Kiruna approximate to that of 
Stripa#
4.3*3* Conakry Ore
Figure 23 shows that Conakry is very slow to reduce.
The table shows that the reduction is extremely slow at low 
temperatures, and not until 700°C does 50% reduction take 
place. The reduction rate does increase rapidly above 900°G, 
until at 1000°C the reduction rate is very similar to the 
two previous ores.
126.
Figure 24 readily shows that again, at low temperatures, 
Oxfordshire ore is very difficult to reduce; even at 700°C 
it takes 375 minutes to reach 50% reduction. Above 800°C, 
the reduction rate rapidly increases; however, the 
reduction at 1000°0 is still slower than with the three high 
grade ores.
4.3*5* Micaceous Hematite Concentrate
This material was used so as to enable comparison to be 
made between the iron ores and a sintered pure hematite.
Figure 25 shows a marked resemblance to that obtained with 
Stripa ore (Fig.21). There is a very rapid increase in the 
rate of reduction as the temperature is increased above 
600°C. There is a slight decrease in the reduction rate for 
the test carried out at 900°0, and the general trend is that 
the rate of reduction remains fairly constant throughout the 
temperature range 800 to 1000°0, so that the complete 
reduction at 1000°C takes longer than with Stripa ore.
4o4. Mathematical Treatment of Results
The results in the form tabulated in Tables B.1-12, and 
presented in Figures 11-20 are unsuitable for the direct 
comparison of reduction rates, due to the change in reduction 
rate with degree of reduction. It proved necessary,
4.3*4. Oxfordshire Ore
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therefore, to measure the rate at constant time for various 
degrees of reduction. This could have been done by the 
drawing of tangents to the reduction curve; however, it 
proved more convenient to represent the results by a 
mathematical expression and then calculate the required 
rates. This was accomplished by treating each set of 
results in an equation of the general form:-
E = ktn + c   (1)
where R = percentage reduction, t = time, minutes and k and 
c = constants, for varying values of n.
Previous work^*^ had shown that the best fit obtained 
between experimental and theoretical curves was afforded by 
the above expression, when n = -J? for all the direct and 
slag bonded oxides used in that investigation. In this 
investigation, the reduction curves as described in Sections
4.1. and 4.2., were replotted with percentage reduction 
versus the square root of time. The replotted curves are 
shown In Figures 26 and 27, for the hydrogen/argon and 
hydrogen/steam reduction atmospheres respectively. Figure 
26 shows that the three high grade ores (at 1050°C) obeyed 
the reduction/time relationship up to about 80% reduction.
In the case of Oxfordshire, at 1050°C, the relationship is 
less closely followed. When considering the reductions at 
750°C, three of the ores obey the relationship; however, 
Conakry is the exception. The curve for Conakry shows that
it obeys the relationship in the general equation when n 
equals -§• up to approximately 35% reduction. The equation 
which fits the experimental results above 35% reduction is 
the same form as the general equation, however, with n « 1/4!
I
as compared with n = -J- for less than 35% reduction. Figure 
shows that the curves for low temperature reduction, 550°G 
for Stripa and Kiruna and 620°0 for Oxfordshire and Conakry, 
generally obey the relationship where n « Figure 2?
shows that the relationship is obeyed at 1050°G, when using 
the hydrogen/steam atmosphere, Considering the reductions 
carried out at 750°C, the curves for all the ores again 
generally follow the relationship except for when equilibrium 
or complete reduction is reached. Kiruna, Conakry and 
Oxfordshire all tend to reach equilibrium at approximately 
30% reduction, whilst Stripa ore completely reduces to 
iron.
Figures 26 and 27 show that all the replotted curves 
obey the relationship :
R » ktY 4 c o....... (2)
with the exception of Conakry at 750°C in the hydrogen/argon 
atmosphere. The relationship is normally obeyed in the 
range 20 to 80% reduction, or 80% of the equilibrium 
reduction.
It can be shown, by differentiating equation (2), that 
the reduction rate (^) is proportional to k and inversely
proportional to the square root of reduction time, as shown 
in equation (3):
dR = k t"*   (3)at —g—
Thus, at constant time, the rate is proportional to k.
('T'lQ)As in the previous xtfork' y , k has been designated the 
specific rate constant. As is evident from equation (2), k 
represents the slope of the reduction versus square root of 
time curve, and can be measured for each material obeying 
the relationship. Besides employing k to measure reduction 
rate at constant time, it can be readily used to compare the 
reduction rates of the ores under differing conditions. The 
specific rate constants derived from the reduction versus 
square root of time curves are given in Table 13*
The positive intercepts on the time axis could not be 
accurately determined, but they represent the sum of the 
time of the reduction gas to flow from meter to the specimen 
and the incubation period prior to nucleation. The curvep 
for low temperature reduction also tend to show that a 
finite time is involved for the reduction to reach a 
reduction rate to be expected by considering the specific 
rate constant.
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Specific Rate Constants for the Ores 
a) Hydrogen/Argon Atmosphere
~ J1Specific rate constant (k) min 2
Ore 1050°C 750 °c 620 °C 550 °c
Hematite^ 0.113 0.067 - 0.043
Stripa 0.193 0.094 - 0.029
Kiruna D 0.130 0.045 - 0.028
Conakry 0.139 0.051 0.013 -
Oxfordshire 0.076 0.026 0.004 -
Hematite + 15%
calcium silicate^ o. 093 0.054 — 0.031
Hematite + 15% ' 
calcium ferrite^ 0.101 0.061 - 0.038
h) Hydrogen/Steam Atmosphere
Ore
Specific Rate 
1050°0 750°C
Constant 
620 °C
(k) min.
Stripa 0.215 0.257
Kiruna D 0.320 0.025 -
Conakry 0*128 0.012
Oxfordshire 0.074 0.022 0.007
The results obtained from the tests using hydrogen as 
the reduction atmosphere were replotted, plotting the 
logarithm of time to a constant percentage reduction versus 
the reciprocal of the absolute temperature of reduction.
The curves so obtained are shown in Figures 28-30- This 
procedure was carried out so that the results are in a form 
to enable easy comparison of the behaviour of the ores.
This procedure also shows the effect of temperature on the 
rate of reduction. It is possible to calculate activation 
energies for the reduction processes by calculation from the 
slope of the curves obtained by plotting the logarithm of 
time to constant reduction versus the reciprocal of absolute 
temperature, as shown in equation (4)-
In U — 4 In A 000*00.0 (4)
It 1
converting the natural logarithms to logarithm to the base 
ten, equation (4) becomes -
lOg t e    4 lOg A oo.o...* (5)2.303 R T
The activation energies obtained are not for a single defined 
reduction mechanism, but rather the "apparent" activation 
energy for the overall reduction process. The "apparent" 
activation energies calculated from the curves in Figures 
28-30 are given in Table 14, which also gives the temperature 
range over which the activation energy is valid. As shown 
in Figures 28-30, the constant percentage of reduction chosen 
so as to plot the logarithm of reduction time to attain the
amount of reduction has no effect on the value of the 
"apparent" activation energy, with the exception of Conakry 
ore. This ore shows that the activation energy increases 
with percentage reduction. The curves for both Kiruna and 
Micaceous show a change in activation energy at approximately 
750°C.
TABLE 14
Apparent Activation Energies for the Ores
Material
Stripa
Kiruna (below 750°C)
Apparent Activation Energy (Q) Kcal/mole 
50% 75% 85% 95% reduction
10.2 9.7 9.4 9.4
3.8 3.6 3.8 3.8
Kiruna (above 750°C) 24.1 25.2 24,6 25,2
Conakry 20,6 36.6 54,0 75.5
Oxfordshire 29,7 29.1 30.5 31.3
Micaceous (above 750°0) 2.8 2.8 2,8 2.8
Micaceous (below 750°C) 18.3 19*2 19*3 17*8
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5. RESULTS OF INVESTIGATION ON REDUCTION OF ORES TO MAGNETITE
The experimental results are presented in three main 
sections: dimensional changes, high temperature compressive
strengths and microstructural changes associated with the 
reduction to magnetite. Also included in this section are 
the experimental results obtained in a preliminary investi­
gation of the effect of temperature on the compressive 
strength of the as-sintered specimens* This investigation 
was carried out so that it was possible to compare the results 
of strength before and after reduction, so as to determine the 
changes associated with the reduction*
5.1* Effect of Temperature on Compressive Strength of the
Sintered Ores
The effect of temperature on the compressive strength of 
the four ores was studied in the temperature range of 20 to 
1150°C, the upper limit being the maximum attainable 
temperature of the compression apparatus. However, with the 
possible exception of Oxfordshire ore, the ores exhibited 
negligible strength at 1150°C. The apparatus used has been 
described in Section 3*3*3®, and the experimental procedure 
was described in Section 3*4.6.
.'The resu.lts of this investigation are tabulated in 
Tables B.18-21, and presented graphically in Figs.31-34*
Figure 31 shows that there is very little change in the 
compressive strength as the temperature is increased to 900°C, 
with all the specimens failing in a 'brittle manner. As the 
temperature is increased beyond 930°C, the compressive 
strength rapidly decreases until, at 1140°0, the specimen 
continually yielded without the load registering on the load
pcell, i.e. a compressive strength of less than 0 .1 kgs/mm .
Figure 31 shows that in the temperature range 900 to 930°0
the strength of Stripa ore increases to a maximum at 915°0.
The specimen showed a very small amount of plastic
deformation before undergoing a brittle failure. Microscopic
examination of the failed specimens was carried out; however,
the structure revealed no reason for the maximum in strength.
A series of tests were carried out on which specimens were
heated to 930°C and, after soaking for 30 minutes, were
cooled to room temperature at various rates of cooling, e.g.
5, 7 and 200o0/minute. The strength of the specimens at
room tempera.ture was determined and was the same as the
untreated specimens. The maximum appears therefore to be due
to some effect which operates above 900°C. This effect
seems to be associated with the onset of plastic deformation.
The strength of Stripa ore tends to be lower than that of
( 1 1 9 )sintered hematite' yy; however, the temperature at which
plastic deformation starts is higher for Stripa ore.
5.1.2. Kiruna D Ore
The results obtained with Kiruna ore are tabulated in 
Table B.19, and presented graphically in Figure 32. The 
results quoted are the mean of at least two tests. Figure 
32 shows that there is a rapid decrease in the compressive 
strength as the temperature is increased to 300°C. Micro­
scopic examination failed to reveal any reason for this 
behaviour. Above 900°0, the strength of the ore again 
decreases rapidly until, at 1140°C, the specimen underwent 
continuous yielding, without registering a load on the load 
cell. This decrease is due to the onset of plastic 
deformation.
Figure 33 shows that there is negligible change in the
compressive strength of Conakry ore as the temperature is
increased to 900°C. Above this temperature, there is a rapid
decrease in the compressive strength until, at 1060°C, there
is negligible strength. As with the previous ores, the
strength of Conakry is less than that obtained with pure
( 'I *1Q ^sintered hematite^ J \ the temperature which plastic 
deformation tallies place is higher.
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Figure 34 shows that the low grade ore has similar 
compressive strength to the three high grade ores. Above 
900°0, there is a rise in the strength reaching a maximum at 
990°C, in which the specimen yields slightly before failing 
in a brittle manner. Further increase in testing 
temperature causes a decrease in strength. Above 1000°C, 
the strength of Oxfordshire ore is slightly higher than the 
three high grade ores. Oxfordshire tends to behave in a 
similar manner to Stripa, in that within a very narrow 
temperature range the compressive strength increases to a 
maximum.
5*2. Dimensional Changes Associated with the Reduction to
5*1.4. Oxfordshire Ore
The dimensional changes associated with the isothermal 
reduction of the three high grade ores to magnetite has been 
investigated in the temperature range 550“1050°C. In the 
case of Oxfordshire, in which the reduction is of calcium 
ferrites rather than hematite, the investigation consisted 
of reducing the ore to 11% reduction. The dimensional change 
measured was in fact the change in volume of the specimen.
Each result quoted is the mean of at least three tests.
The volumes of the unreduced and reduced specimens were 
determined from the external dimensions of the specimens.
The variation in volume change for any test was in the order
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of + 5% of the mean for expansions up to 30%. Specimens 
which underwent greater than 30% expansion were badly 
distorted and cracked. Both these facts caused the 
specimens to be friable and hence difficult to measure with 
a micrometer. The variation in volume change for specimens 
with very large changes was slightly larger than + 5% of the 
mean.
In all the tests the reduction rate was kept constant,
the chosen rate being 6 hours for completion of the
reduction step. This rate was the one used in the
(119)previous investigation' . In order to maintain this 
constant time of reduction, it was necessary to vary the 
ratio of hydrogen to steam in the reduction atmosphere.
The procedure for determining the required atmospheres has 
been described in Section 3.4.7“ The actual atmospheres 
utilised for the ores at various reduction temperatures are 
given in Tables B.22-25*
The results obtained from these tests are tabulated in 
Tables B.26-29, and presented graphically in Figs.35-38.
5.2.1. Strip®. Ore
Figure 35 shows that the volume changes associated with 
reduction are expansions. As the reduction temperature is 
increased from 550 to 750°0, the volume expansion also 
increases. Further increase in temperature produces 
decreased expansion until, at 950°C, a minimum of 18.4% is
138.
reached. This minimum is followed by a further increase in 
volume expansion as the temperature is increased to 1050°C.
5.2.2. Kiruna D Ore
Figure 36 shows again volume expansions are associated 
with the reduction. Compared with Stripa ore below 850°C, 
the expansion is less. In the case of Kiruna ore, a 
minimum expansion is produced at 750°0 of 11.3%* On 
increasing the reduction temperature beyond 850°C, there is 
a large increase in the percentage expansion.
5*2.3* Conakry Ore
Throughout the temperature range under investigation, 
the reduction of Conakry is associated with expansion of 
the specimens. Figure 37 shows that Conakry ore behaves 
in a similar manner to Kiruna ore. A minimum expansion of 
12.7% is produced at 650°C. As the reduction temperature is 
increased from 650 to 1050°C, the volume expansion increases 
from 12 .7 to 3 1*2%.
5*2.4. Oxfordshire Ore
As shown by X-ray diffraction of the as-sintered 
specimens, the iron-bearing materials are calcium ferrites 
with less than 5% hematite present. The specimens were 
therefore reduced to 11% reduction, which is nearly
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equivalent to the reduction of hematite to magnetite, which 
corresponds to 11.1% reduction. The reduction of Oxfordshire 
is accompanied by a contraction over the whole range of 
temperature studied in this investigation. Figure 38 shows 
that as the reduction temperature is increased, the amount of 
contraction generally increases from 0.6 to 2.4% at 650 and 
950°0 respectively. Further increase in the reduction 
temperature slightly decreases the contraction produced to 
1.9%.
5*3. Strength Changes associated with the Reduction to
Magnetite
The compressive strength changes associated with the
isothermal reduction of three high grade and one low grade ore
have been investigated in the temperature range 550-1050°0.
The apparatus used and the procedure employed have been
described in Sections 3*3*3. and 3.4.?* respectively. In a
( 1 1 9 )previous investigation'- 'fa utilising this apparatus, the 
reproducibility of the strength determinations was studied. 
This showed that reproducibility of the apparatus was to 
accept all results within 10% of the mean. This value of 
acceptability is in close agreement with those used by other 
investigators^8^’ 176-178 )^  studying the strength of ceramic 
specimens. The results quoted in this section are the mean 
of three determinations. As with the changes in dimensions, 
the reduction rate was kept constant by utilising the
atmospheres tabulated in Tables B.22.-26.
The 3?esults of these strength tests are tabulated in 
Tables B.30-33? and presented graphically in Figs.31-34, which 
also show the as-sintered strength.
5.3*1- Stripa Ore
Figure 31 shows that there is a large decrease in''the 
compressive strength of Stripa ore when it has undergone 
reduction to magnetite. With low temperature reduction,
pbelow 750°C, the resulting strength is less than 2.5 Kg/mm , 
but when reduction is carried out in the temperature range of
p850-950°C the decrease in strength is less, (8.4 Kg/mm ),.
On further increase in temperature, the strength decreases 
because of the onset of plastic deformation. For specimens 
that underwent plastic deformation, the stress that caused 5% 
plastic deformation was taken as the strength, whilst in 
specimens which underwent brittle failure, then the fracture 
stress was quoted as the strength.
5-3*2. Kiruna D Ore
Figure 32 shows that there is a considerable decrease in 
the compressive strength when Kiruna is reduced to 
magnetite. As the reduction temperature is increased from 
550 to 650°0, there is a large increase in the compressive 
strength. Further increase in temperature causes no change
in the strength, until above 950°C the strength decreases 
rapidly with the onset of plastic deformation. Comparing 
Figure 32 for Kiruna ore and Figure 31 for Stripa, it is 
readily apparent that with Kiruna ore reduction carried out 
above 650°C produces specimens which have a higher compressive 
strength then the equivalent specimens of Stripa ore.
5.3* 3• Conakry Ore
Figure 33 shows that Conakry behaves in a similar manner 
to the two previous ores. If the reduction temperature is 
less than 750°C, then the specimens have a low strength, 
in the order of 5 Kg/mm , whilst reduction carried out in the 
temperature range 750 to 950°C produces specimens with a much 
increased strength, 9 Kg/mm . This strength is, however, 
only slightly greater than a third of the as-sintered strength. 
Above 950°C, there is a decrease in strength again, due to 
the onset of plastic deformation.
5*3*4. Oxfordshire Ore
Figure 34, whilst heing a similar shape to those
obtained with the high grade ores, shows that the strength
decrease due to reduction is very much less. Reduction at
temperatures less than 750°C produced specimens which had a
2strength of 16 Kg/mm . On increasing the reduction 
temperature, the strength increased and reached a maximum of
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pnearly 22 Kg/nun at 850°C. This maximum was followed by a 
decrease in strength as the reduction temperature was 
further increased. This decrease was due to the onset of 
plastic deformation. Figure 34 shows that even though the 
specimens deform by at least 5%? they still exhibit higher 
strength than that shown by the high grade ores when they 
undergo 5% plastic deformation.
5.4. Microstruotura! Changes associated with the Reduction
to Magnetite
The changes in microstructure associated with the 
reduction of the hematite in three of the ores to magnetite, 
and calcium ferrites to 11% reduction in the case of 
Oxfordshire ore, are described in the following sections. 
Besides the examination of specimens which had undergone 
complete reduction to magnetite, specimens which had under­
gone partial reduction were also examined to determine the 
mode of reduction. Also described in this section are the as- 
sintered structure and the structure of unreduced specimens 
Which had undergone strength tests.
5.4.1. Stripa Ore
The as-sintered structure of Stripa ore is shown in 
Figure 39? in normal light. This figure shows that hematite
grains are of various sizes. The small grains have the
tendency to be slightly rounded. The distribution of the 
slag is such that it forms between the grains and,in some 
larger areas, the slag appears to have an internal structure. 
Examination of the as-sintered specimen in,polarised light 
revealed the presence in some grains with twins. The twins 
are clearly shown in Figure 40. It seems that these twins 
are caused by the deformation introduced during the crushing 
of the ore. Figure 41 shows the structure of a specimen 
which had undergone a compressive test at room temperature.
The fracture is shown in Figure 41, and it is apparent that 
the main fracture is both intercrystalline and trans­
crystalline. There are also a few small cracks away from 
the main fracture. The structure of a specimen which had 
undergone a compressive strength test at 990°0 is shorn with 
normal light in Figure 42, and with polarised light in 
Figure 43* Whilst Figure 42 shows slight distortion,
Figure 43 shows that there is an increase in the concentration 
of twinned grains in the deformed zone.
Microscopic examination of partially reduced specimens 
revealed that on the macroscopic scale the reduction front 
was topochemical, whilst on the microscopic scale the shapq 
of the magnetite growth changed at a temperature slightly 
below 750°C. The magnetite growth formed by reduction at 
550°C is shown in Figure 44. This figure shows that growth 
proceeds uniformally into the grain from all sides, with the 
centre of the grain heing hematite. This uniform attack is
helped by the fact that the slag is incoherent with the 
grains,so allowing easy access by the reducing atmosphere. 
Associated with this low temperature reduction the specimens 
underwent random cracking, with cracks crossing the unreduced 
centre of the specimen. There was very little, if any, 
tendency for the reduction to proceed preferentially along 
these cracks.
The other form of the magnetite growth is shown in 
Figures 4 5 and 4-6, which show specimens which have undergone 
partial reduction at 750 and 950°C respectively. Whilst 
on the macroscopic scale, the reduction front remained 
topochemical, the magnetite growth becomes "spiky". The 
growth nucleates from the surface of the grain and extends 
as a spike right across the grain. The growths tend to 
follow a preferred direction. The effect of a twinned grain 
on the magnetite growth is shown in Figure 4-7* This showp 
that the magnetite grows preferentially along the twin 
boundary, and then grows along preferred directions which 
differ in each part of the twinned grain because of the change 
in orientation of the hematite grain caused by the twin.
As shown in Figure 4-5, the "spiky" growth is less 
pronounced. Specimens that had undergone partial reduction 
showed that the specimens only cracked in the magnetite, and 
that the crack pattern changed from random to longitudinal 
cracks and the start of formation of incoherent cones at the 
top and bottom of the cylindrical compacts. The slag is
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incoherent with the magnetite grains, and even with careful 
specimen preparation it was not possible to show the 
presence of the slag in reduced specimens.
5-4.2. Kiruna D Ore
The as-sintered structure of Kiruna ore is shown in 
Figure 48, This figure shows that the grains of hematite 
are not of a constant size. The slag is formed at triple 
points and also as small islands. Examination of the 
specimen in polarised light failed to detect the presence of 
twinned grains of hematite. The structures of specimens 
which had undergone compression tests at 20 and 1050°G are 
shown in Figures 49 and 50 respectively. Figure 49 shows the 
fracture which is both transcrystalline and intercrystalline, 
with a few secondary cracks away from the main crack. 
Examination in pols.rised light of the specimen which had 
undergone plastic deformation showed that there were very 
few twinned grains present. Examination of a specimen which 
had undergone a strength test at 900°0 showed a few twinned 
grains in the zone close to the fracture.
Microscopic examination of specimens which had under­
gone partial reduction to magnetite showed that the reduction 
was topochemical on the macroscopic scale, and that the shape 
of the magnetite growth changed at high reduction temperatures. 
The magnetite growth produced at 550°0 is shown in Figure 51.
The main difference is that the growth only grows from all 
sides of the grain when the grain is nearly completely reduced, 
often with small islands of hematite remaining in the grain.
The slag appears to remain coherent with the magnetite grains 
so decreasing the ease of access of the reducing gas. The 
reduction causes the formation of random micro cracks, both 
in the magnetite and unreduced hematite, and there is a 
tendency for there to be preferred reducing along the cracks. 
The magnetite growth produced by reduction at 750°0 is shown 
in Figure 52. The growth appears to be the same as at 
550°0; however, the front does have a large number of very 
fine and short spikes on it. There are a few random cracks 
extending from the reduced zone into the unreduced hematite.
The slag has remained generally coherent with the magnetite 
grains. Figure 53 shows that the magnetite growth produced
at 950°0 has the "spiky" shape, as in Stripa ore. The slag
is generally coherent with the magnetite, and the few cracks 
produced are only in the magnetite region. The microstructure
of specimens completely reduced to magnetite at 550 and 1050°C
are shown in Figures 54 and 55 respectively. Figure 54 
shows that the slag has remained coherent with the magnetite 
grains, which also have the shape of the original hematite 
grains. Figure 55 shows that there is less slag coherency, 
the specimen being more porous than Figure 54*
The growth is similar to that obtained with Stripa ore.
The as-sintered structure of Conakry ore is shown in 
Figure 56 in normal light, and in polarised light in Figure 
57= It was found to he impossible to prepare specimens of 
sintered Conakry without causing enlargement of pores.
Figure 58 shows that no grains of hematite are visible and 
that the areas of slag are very small. The slag forms at 
triple points, and in areas which appear to contain very 
small grains of light phase. This light phase has been shown 
to he hematite. Examination of the sintered specimen in 
polarised light reveals that the grains of hematite are small 
and generally of the same size. The structure of a 
specimen which has undergone a compression test at 800°C, 
Figure 58, shows that the main fracture is both transcrystall­
ine and intercrystalline. There are secondary cracks away 
from the main fracture. Since this figure is at higher 
magnification than Figure 56, the small areas of slag 
surrounding the grains are more readily visible.
Microscopic examination of partially reduced specimens 
revealed that, as with the two previous ores, the reduction 
on the macroscopic scale was topochemical, and that the 
shape of the magnetite growth changed at high reduction 
temperatures. The magnetite growth produced at 550°G is 
shown in Figure 59* The front grows uniformly into the 
grain but there is some preferential reduction along cracks. 
The specimens underwent serious cracking, so that on lateral
5°4.3. Conakry Ore
sectioning the cylindrical compact, the cracks appeared to 
be just like an onion. It was found that these shells 
easily broke away from the specimen and that the cracks were 
only in the magnetite. Some of these shells showed a very 
small amount of unreduced hematite in the centre. The 
magnetite growth formed at 750°0 is shown in Figure 60, which 
also shows the increased reduction associated with the 
presence of a crack. The growth is the same as at 550°C 
with no tendency to form spikes. The macroscopic cracking 
pattern was of a more random nature than the formation of 
onion shells. Figure 61 shows the magnetite growth formed 
at 950°0. This was basically the same as with the two 
previous ores, except that the spiky growths were more 
numerous and finer. The macroscopic crack pattern showed 
that there was a tendency for a few longitudinal cracks and 
the formation of incoherent cones of material at the top and 
bottom of the specimens. Figure 62 shows the structure of 
a specimen completely reduced to magnetite, and also one of 
the slag areas which contained very small grains of hematite.
5.4.4. Oxfordshire Ore
The as-sintered structure of Oxfordshire ore is shorn 
in Figure 63* This shows that the structure is totally 
different from that obtained with the three high grade ores. 
The structure consists of an intimate mixture of calcium 
ferrites. The structure of specimens which had undergone
compression tests at 20 and 1040°G are shown in Figures 64 
and 65 respectively. The fracture shown in Figure 64 shows 
that the path of the main crack is both transcrystalline and 
intercrystalline, and that Figure 65 shows the effect of 
extensive plastic deformation on the as-sintered structure.
As stated before, reduction tests followed by X-ray 
diffraction analysis showed that Oxfordshire ore did not 
produce magnetite on reduction. However, it was decided that 
in order to allow comparison between the three high grade ores 
and Oxfordshire, that the reduction of Oxfordshire should 
stop after removal of 1 1% of the total oxygen combined- with the 
iron. Microscopic examination of partially reduced 
Oxfordshire failed to show the presence of any reduction 
front. It was also found impossible to reduce Oxfordshire 
below 620°0. The microstructures of specimens reduced at 
620, 750 and 950°0 are shown in Figures 66, 67 and 68 
respectively. The three structures are basically the same 
and similar to the as-sintered structure. On etching with 
both dilute HC1 and HF it was found that there is slightly 
more dark grey phase present in the reduced specimens. The 
fact that this phase was etched by the acids suggests that 
this phase is dicalcium ferrite. The presence of more 
dicalcium ferrite in the reduced specimens, compared with the 
as-sintered, was confirmed by X-ray diffraction analysis, 
which also showed the presence of a small amount of wustite. 
Microscopic examination showed that the specimens suffered
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only very slight cracking, and that these cracks did not 
extend very far. The porosity of the specimens which had 
been reduced was basically the same as in the as-sintered 
specimen.
6 . RESULTS OF INVESTIGATION ON THE REDUCTION OF ORES TO
WUSTITE
The experimental results of the investigation into the 
effects of reduction of ores to wustite are presented in 
three main sections: dimensional changes, high temperature
compressive strengths and microstructural changes associated 
with the reduction to wustite. The investigation was carried 
out over the temperature range of 650°C to 1050°C. The time 
for the completion of the reduction step was again maintained 
at 6 hours. This was achieved by varying the hydrogen/ 
steam ratio. The actual hydrogen/steam atmospheres used for 
all temperatures are given in Tables B.22-25.
6.1. Dimensional Changes associated with the Reduction to
Wustite
The dimensional changes associated with this reduction 
are expressed in terms of the change of the apparent volume 
of the specimen. The dimensions of the specimens before and 
after reduction were measured by means of a micrometer.
Each result quoted is the mean of at least three determinations 
In the case of the three high grade ores, it was readily 
possible to obtain specimens which were reduced completely 
to wustite. With Oxfordshire, however, because of the 
reduction of calcium ferrites rather than hematite talcing -place 
the reduction was stopped when the specimen had lost weight 
equivalent to 53% reduction. This procedure allowed
comparison to be made between all the ores which had under­
gone a similar amount of reduction. As with the investi­
gation with the reduction to magnetite, for volume changes 
up to 30%, the variation in results was within 4 5% of the 
mean. However, with specimens that underwent much larger 
changes in volume, i.e. with Conakry ore, then the variation 
was slightly larger, due to the large distortion of the 
specimenso This distortion was very serious at high 
temperatures because of the formation of cones of material 
which tended to break away from the main part of the specimen. 
Associated with this distortion was the tendency for the 
specimens to be friable. The results of these tests are 
tabulated in Tables B.26-29, and presented graphically in 
Figures 35-389 which also show the apparent volume changes 
associated with reduction to magnetite.
6.1.1. Stripa Ore
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Figure 35 shows that with the exception of the reduction 
at 650°0, at all other temperatures the volume change is 
slightly less than with the reduction to magnetite. At all 
reduction temperatures the apparent volume increases; the 
expansion associated with the reduction decreases to a 
minimum of 17% at 950°C. Further increase in reduction 
temperature is accompanied by an increase in the expansion.
6.1.2. Kiruna D Ore
Figure 36 shows the expansions associated with 
reduction to wustite are less than the expansions produced 
by the reduction to magnetite. Throughout the temperature 
range 650-850°G, the expansion remains fairly constant at 
approximately 5%. With reduction above 850°G, the 
expansions produced increase until, at 1050°C, the expansion 
is 25*8%.
6.1.3. Conakry Ore
Figure 37 shows that there is a very large volume 
expansion associated with the reduction to wustite. Figure 
37 also shows that there is a large increase in volume 
expansion compared with the equivalent tests of reduction to 
magnetite. The expansion produced at 650°C is approximately 
37% and increases to about 50% in the range of reduction 
temperature 750-950°C. Reduction at 1050°C causes an 
expansion of 37%« The specimens which underwent these very 
large volume expansions were badly distorted and extremely 
friable. With reductions carried out below 750°C, the 
specimen formed concentric shells which tended to spall on 
handling. The reductions carried out at higher temperatures 
produced specimens in which the tops of the cylinders tended 
to form cones, which had a tendency to break away from the 
bulk of the compact. The main part of the specimen was also
severely cracked with longitudinal cracks.
6.1.4. Oxfordshire Ore
Figure 38 shows that contractions are associated with 
the reduction. This figure shows that as the reduction 
temperature is increased from 650 to 1050°C, the contraction 
produced increases from 0.3 to 2*5% contraction. Comparing 
the volume changes for the reduction to 1 1% reduction and the 
changes for 33% reduction. Figure 38 shows that they are of 
similar magnitude.
6.2. Strength Changes associated with the Reduction to
Wustite
The compressive strength changes associated with the 
isothermal reduction of three high grade and one low grade pre 
have been investigated in the temperature range 650-1050°0.
As in the previous investigation, the reproducibility of the 
strength determinations was such as to accept all results 
which were within 10% of the mean. All the results quoted 
are the mean of three determinations. The reduction 
atmospheres used were the same as in the change in dimension 
investigation. The results of these tests are tabulated in 
Tables B.30-339 and presented graphically in Figures 31-34, 
which allows comparison of the strength after reduction to 
wustite with the as-sintered strength, and the strength after
reduction to magnetite.
6.2.1. Stripa Ore
Figure 31 shows that as the reduction temperature is
increased from 650 to 1050°C, the compressive strength
2 2 decreases from 5-8 Kgs/mm to 1.8 Kgs/mm . The figure also
shows that at 750°C there is the start of plastic deformation.
The specimens reduced below 750°C exhibit a higher strength
than the specimens which had undergone reduction to
magnetite under similar conditions. However, the specimens
reduced above 750°0 have a lower compressive strength than
the equivalent specimens reduced to magnetite.
6.2.2. Kiruna D Ore
Figure 32 shows that as the reduction temperature is
increased so the compressive strength decreases from 12 
2 2Kgs/mm to 1 Kg/mm . As with Stripa ore, specimens which 
have been reduced to wustite below 750°C have a higher 
strength than the equivalent specimens reduced to magnetite.
In the case of Kiruna ore, the specimens fail by brittle 
failure preceded by less than 5% plastic deformation up to 
a temperature of 850°0. Above this temperature, the 
strength is quoted as the stress to produced 5% plastic 
deformation.
Figure 33 shows that throughout the whole temperature
range investigated, the compressive strength of the reduced
2specimens was less than 1.5 Kgs/mm . This very large 
decrease in strength is due to the very large volume changes 
which are produced during reduction.
6.2.4. Oxfordshire Ore
As in the investigation into the dimension changes, the
specimens were reduced to 33% reduction, so that the
Oxfordshire specimens had undergone a similar amount of
reduction as the three high grade ores. Figure 33 shows
that the reduced specimens have a high strength when the
reduction is carried out at temperatures below 850°C,. Above
this temperature, the specimens undergo at least 5% plastiq
pdeformation. The strength at 1050°C is 3*6 ligs/mm , which 
is greater than the strength obtained with the other ores.
6.3“ Microstructural Changes associated with the Reduction
to Wustite
The microscopic changes associated with the reduction of 
hematite in the three high grade ores to wustite, and 
calcium ferrite to 33% reduction in the case of Oxfordshire 
ore, are described in the following sections. The specimens 
which were examined were those obtained from the investigation 
of dimension changes and compressive strength determinations*
6.2.3- Conakry Ore
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Since, in the unetched condition, both magnetite and wustite 
have a similar optical reflectivity, all the specimens 
containing wustite have been etched in 5% aqueous solution 
of hydrofluoric acid, which etches only wustite.
6.5*1. Stripa Ore
The structure of Stripa ore reduced to wustite at 750 
and 950°0 is shown in Figures 69 and 70 respectively. In 
specimens which had undergone partial reduction to wustite 
the reduction front was readily visible on the macroscopic 
scale after etching, the wustite layer rapidly darkening.
On the microscopic scale the wustite layer appeared to be 
much more porous than the magnetite. The reduction front 
between the magnetite and wustite tended to be plane and was 
not dependent on the reduction temperature. The cracking 
produced by the reduction was of a similar pattern to that 
obtained with the reduction to magnetite and was slightly 
less extensive. The specimens appeared to be more porous.
6.3*2. Kiruna D Ore
The structure of Kiruna ore reduced to wustite at 750, 
850 and 1050°C is shorn in Figures 71? 72 and 75 respectively. 
Both Figures 71 and 72 show the magnet!te/wustite reduction 
front. The wustite is readily visible because of its 
darkening:, and also its increased porosity compared with the 
magnetite. The shape of the front tends to be plane and
not dependent on the reduction temperature. The reduction 
front is topochemical on the macroscopic scale. Figure 73 
shows that the wustite produced at 1050°0 tends to be less 
porous than the wustite produced at lower temperatures.
This is probably due to resintering of the wustite. The 
overall porosity of the specimen is greater than the specimens 
reduced at lower temperatures. As with Stripa ore, the 
pattern of macroscopic cracking was the same as for 
magnetite, but generally less extensive.
6.3•3• Conakry Ore
The structure of Conakry ore reduced to ms tit e at 
75C and 1050°C is shown in Figures 74 and 75 respectively.
The shape of the reduction front appears to be plane and not 
dependent on reduction temperature. The wustite is 
identified by the slight darkening on etching and its 
increased porosity compared with magnetite. The»pattern of 
the cracking is the same as with the reduction to magnetite; 
however, with Conakry the cracking and expansion is much 
greater than with reduction to magnetite. Figure 76 shows 
the shells produced by reduction at 750°C.
6.3*4. Oxfordshire Ore
The structures of Oxfordshire ore reduced to 33% 
reduction at 750 end 950°0 are shown in Figures 77 anb 78 
respectively. Comparing the structures with that of the
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as-sintered specimen (Figure 63)? shows that there is a con­
sider ah la- increase in the amount of light and dark grey 
phases. X-ray diffraction analysis of reduced specimens 
showed that there was dicalcium ferrite and wustite present. 
The reduced specimens only showed a few short cracks and the 
specimens had undergone a contraction during reduction.
There appears to he little difference between the specimens 
reduced at different temperatures.
7. RESULTS OF INVESTIGATION ON THE REDUCTION OF ORES TO IRON
The experimental results obtained in this investigation 
are presented in three main sections: dimensional changes,
high temperature compressive strength and the microstructural 
changes associated with the reduction to iron. As with 
previous investigations, the reduction time was kept constant 
at 6 hours. This rate was obtained by varying the ratio 
of hydrogen to steam in the reducing atmosphere. The actual
atmospheres used are given in Tables B.22-25*
7•1 * Dimensional Changes associated with the Reduction to.
Iron
The dimensional changes associated with the isothermal 
reduction of ores to iron have been studied in the
temperature range of 550~1050°C. The dimensions of the
specimens were measured before and after reduction by means 
of a micrometer. The dimensional changes are quoted in 
terms of changes in apparent volume. Each result quoted is 
the mean of at least three determinations* As with the 
previous investigations, the variation of results was + 5% 
up to 30% change, and again slightly larger variation with 
changes greater than 30%. The results obtained from these 
tests are tabulated in Tables BD26-29, and presented 
graphically in Figures 35-38, which also show the results 
from the previous reduction steps.
Figure 35 shows that at low temperatures of reduction, 
the increase in volume is less than with the two previous 
reduction steps. The very low value of expansion at 550°C 
of only 9% is probably due to the fact that an atmosphere of 
only hydrogen was used. With reductions above 750°0, the 
expansion produced is generally larger them with the 
reduction to lower oxides of iron.
7.1.2. Kiruna D Ore
Figure 36 shows that with reductions above 750°C the 
expansion produced increases from 3% to 22.5% at 1050°0o 
The expansions produced are, however, less than those by 
reduction to both magnetite and wustite. With tests below 
750°0, there is an increase in the expansion produced from 
3% to 14%. The expansions produced by the reduction to iron 
are greater than those with reduction to wustite, but less 
than those obtained with reduction to magnetite. The 
expansions produced are generally less than those associated 
with the reduction of Stripa ore.
7.1*3* Conakry Ore
Figure 37 shows that at all temperatures there is a very 
large increase in volume. The expansion produced is 
slightly less than that obtained with the reduction to wustite,
7-1.1* Stripa Ore
but is much greater than the expansions associated with the 
reduction to magnetite. As with the specimens reduced to 
wustite, the specimens reduced to iron suffered serious 
distortion. At low temperatures, below 750°C, the specimens 
shelled. With reductions carried out above 750°C, the tops 
of the cylindrical specimens formed cones which tended to 
break away from the main bulk of the specimen. All the 
specimens reduced to iron were very friable and tended to 
break up on handling and measuring.
7 • 1 • 4. Oxfordshire Ore
It was found to be impossible to reduce Oxfordshire 
ore to iron at temperatures below 850°C, even with using a 
reducing atmosphere of hydrogen only. Figure 38 shows that, 
as the reduction temperature is increased above 850°0, the 
contraction produced increases from 2.2% to 4% at 1050°0.
This figure also shows that the contraction associated with 
the reduction to iron is greater than for the contraction 
produced after 11 or 33% reduction.
7.2. Strength Changes associated with the Reduction to Iron.
The changes in the hot compressive strength associated 
with the reduction of ores to iron has been investigated in 
the temperature range 550 to 1050°C. As with the previous 
investigations, each result quoted is the mean of three
determinations. Results were accepted if they were within 
10% of the mean. The reduction time was kept constant and 
the various reducing atmospheres used are tabulated in 
Tables B.22-25» The results obtained are tabulated in 
Tables B.30-33 and presented graphically in Figs.31-34.
7.2.1. Stripa Ore
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Figure 31 shows that specimens exhibit very little
strength after reduction to iron. As the reduction
temperature is increased from 550°C the strength decreases 
2 2from 3 Kgs/mm to 1 Kg/mm at 650°0. Further increase in 
temperature causes the specimens to undergo greater than 5% 
plastic deformation. The strength tends to increase to a
pslight maximum of 2 Kgs/mm at 950°C, followed by a further 
decrease in strength. Figure 31 shows that, with the 
exception of low temperature reduction to magnetite, the 
reduction to iron produces the greatest decrease in the 
strength of Stripa ore.
7.2.2. Kiruna D Ore
Figure 32 shows that a maximum in strength Is produced 
with reduction at 650°0. With reduction below 750°0, the 
specimens underwent brittle failure preceded by less than 
5% plastic deformation. Above 750°C, the strength is quoted 
as the stress which produces 5% plastic deformation Increase 
in reduction temperature causes the strength to decrease from
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4 Kgs/mm to 0.5 Kgs/mm at 1050°C. As with Stripa ore,
the reduction of Kiruna to iron causes the greatest decrease 
in the compressive strength.
7.2.3* Conakry Ore
Figure 33 shows that throughout the whole temperature 
range the strength of the reduced specimens is minimal, less
pthan 1 Kg/mm - As with the reduction to wustite, the 
specimens produced after reduction were seriously distorted 
and very friable. It was found impossible to reduce 
Conakry ore completely to iron at temperatures below 850°C, 
even using a reducing atmosphere of hydrogen. Strength tests 
were, however, carried out below 850°C on specimens which had 
been reduced 850°C and subsequently strength tested at 
lower temperatures.
7*2.4. Oxfordshire Ore
As with Conakry ore, it was found to be impossible to 
reduce Oxfordshire completely to iron at temperatures less 
than 850°C, even using hydrogen as the reduction atmosphere. 
Strength tests were carried out below 850°C on specimens 
which had been reduced at 850°C. Figure 34 shows that even 
after reduction to iron, the specimens still have considerable 
strength. The strength decreases from a maximum of 16.5 
Kgs/mm8 at 650°C, to 5*2 Kgs/mm8 at 1050°C. Specimens
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reduced below 950°C fail in a brittle manner, with, in some 
cases, less than 5% plastic deformation before fracture.
Above 950°C, the strength is quoted as the stress to produce 
5% plastic deformation. Whilst the strength on reduction to 
iron below 900°G is lower than with the previous investi­
gations, above 900°0 the specimens have a slightly greater 
strength than the specimens which had undergone 33% reduction 
under similar conditions. Figure 34 shows that Oxfordshire 
ore exhibits greater strength after the various steps of 
reduction compared with the three high grade ores.
7.3. Microstructural Changes associated with the Reduction
to Iron
The microscopic changes associated with the reduction to 
iron of the hematite in the three high grade ores, and 
calcium ferrites in the case of Oxfordshire, are described in 
the following section. Also described in this section are 
some of the structures obtained when the ores were 95% reduced 
in a hydrogen only atmosphere, so as to determine apparent 
activation energies as described in Sections 4.3 and 4.4.
7.3.1. Stripa Ore
The structures produced when Stripa ore is completely 
reduced to iron at 750 and 1050°C are shown in Figures 79 and 
80 respectively. Figure 79 shows that the iron is in the 
form of moderate sized porous agglomerates. The slag is not
coherent with the iron agglomerates. The specimen is also 
very porous. Figure 80 shows that the iron produced is in 
the form of small dense spheroids of iron, some of which 
are tending to form dense agglomerates. This is probably 
due to the onset of resintering. Whilst the specimens 
after reduction were very porous, on undergoing a compression 
test the compacts densified to a considerable extent.
Figures 81 and 82 show the structure obtained by 
reducing Stripa ore in a hydrogen only atmosphere at 500 and 
700°0 respectively* All the photomicrographs of the 
specimens reduced by hydrogen are shoim at the same magni­
fication (X 600), so that the differences in the size of the 
iron particles can be readily seen. In both cases, porous 
agglomerates of iron are formed with the agglomerates at 
500°C being larger than at 700°0. The specimen at 700°C 
was much more porous, and had undergone a greater expansion.
7.3*2. Kiruna D Ore
The structure of Kiruna ore completely reduced to iron 
at 750 and 950°0 are shown in Figures 83 and 84 respectively. 
Figure 83 shows that porous agglomerates of iron are formed. 
The specimen was slightly porous, and had suffered much less 
cracking than in the specimens which had been reduced to 
magnetite or wustite* The slag appears to be still fairly 
coherent with the iron agglomerates. Figure 84 shows that
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the iron formed at 950°0 has also tended to agglomerate; 
however, it is much less porous than with the iron produced 
at 750°C, There appears to be very little coherency of the 
slag, and the specimen is only slightly cracked.
Figures 85 and 86 show the structure of the iron 
produced by reduction with hydrogen at 600 and 1000°G 
respectively. Figure 85 shows that the iron is in the form 
of very large porous agglomerates which are larger than the 
equivalent agglomerates formed with Stripa. Figure 86 shows 
that the iron is in the form of small spheroids of iron which 
have agglomerated to form dense agglomerates. The specimen 
is more porous and suffered a larger expansion on reduction 
than did the specimen at 600°0.
7.3*3* Conakry Ore
Microscopic examination of Conakry specimens, which had
undergone complete reduction to iron, showed that throughout
the temperature range studied, 750 to 1050°0, the iron formed
was in the form of extremely small spheroids which had a very
slight tendency to agglomerate. Where agglomeration did not
take place, the specimens were very powdery. With low
temperature reduction the reduced iron had the tendency to%
be pyrrophoric, and would visibly burn if removed from the 
compression tester at temperatures above 200°C. The structure 
of the reduced iron is shown in Figure 87 which shows the iron 
produced at 1050°C.
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The structure of Conakry ore reduced hy hydrogen at 
500 and 1000°C is shown in Figures 88 and 89 respectively. 
Even with a hydrogen only reducing atmosphere, it was found 
impossible to reduce Conakry at temperatures below 8500C» 
Figure 88, which in fact shows the reduction has only reached 
magnetite, is included because it readily shows a slag area 
which had originally contained hematite. This has been 
reduced to fine magnetite. Figure 89 shows that the iron 
produced is very fine and has very little tendency to 
agglomerate. The specimens after reduction were all very 
porous, and had suffered volume expansions in the order of 
55%.
7.3.4. Oxfordshire Ore
The structure of Oxfordshire ore completely reduced to 
iron at 850 end 1050°C is shown in Figures 90 and 91 
respectively. These figures show that the iron formed is 
small spheroids set in a dark matrix. The iron produced at
1050°C appears to be slightly coarser than the iron at 850°C, 
This is probably due to slight resintering. As with all the 
previous reduction steps, the specimens are not cracked and 
have undergone a contraction during reduction. With 
hydrogen/steam reduction atmospheres, it was found impossible 
to reduce Oxfordshire ore to iron below 850°C.
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Even with using hydrogen as the reducing atmosphere, 
it was found that complete reduction to iron was possible 
only above 800°G. The iron produced by reduction at 1000°G 
is shown in Figure 92, which shows that the iron is very 
fine and distributed throughout a dark matrix. ,X-ray 
diffraction analysis showed that this matrix was a complex 
calcium alumino silicate.
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The microstructural and macrostructural changes 
associated with the reduction of iron ore compacts appear to 
depend on such factors as: the mechanical properties of the
iron ores at the reduction temperature, the crystallographies 
transformation involved and the presence of Impurities.
The influence of these factors on the reducibility of the 
ores is discussed, as is the influence of these factors on 
the structural changes. The effect on change of structure 
is correlated with the measured hot compression strength 
after reduction.
The reducibility of the compacted ores was determined 
under conditions of constant reduction atmosphere, whilst 
the structural and strength changes on reduction were 
determined using a constant reduction time of 6 hours. In 
order to maintain this constant reduction time for all ores, 
all reduction steps, and at all reduction temperatures, it' 
was necessary to vary the reducing atmosphere.
8.1. Reduction of Iron Ores using Constant Reducing
Atiao spheres
The reduction behaviour of the ores at three 
temperatures, which spanned the temperature range over which 
reduction normally takes place, was initially studied, using 
a 10% hydrogen/90% argon atmosphere (Section 4.1.), so that 
comparison could be made between the ores and also the work 
of a previous investigation^*^ which studied the reduction 
of compacted pure hematite, and hematite with synthetic 
slag additions.
8 .  D I S C U S S I O N
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The reductions of the ores carried out at 1050°C 
(Figures 1 1 , 1 2 , 14, 16), show that, with the exception of 
Oxfordshire ore, all the ores reduce at a similar rate 
reaching 90% reduction in less than 75 minutes, whereas 
Oxfordshire takes over 200 minutes to reach a similar state 
of reduction. The previous work^4<^  showed that on adding 
15% calcium silicate slag to hematite there was negligible 
increase in the time to reach 90% reduction, both reducing in 
approximately 120 minutes. With the addition of 15% calcium 
ferrite slag, the time to reach 90% reduction was in the 
order to 200 minutes. The apparent increase in the time for 
reduction of hematite, and of hematite with calcium silicate 
slag, compared with the ores in this investigation, is 
probably due to the slight decrease in reduction temperature 
(1000°0) used in the previous investigation, compared with 
1050°0 used in this investigation. Both investigations tend 
to show that reducibility tends to be decreased when calcium 
ferrites are present as slag, or, in the case of Oxfordshire 
ore, as the main iron bearing phase. Previous 
investigators^^,^ ‘^ ~ ^ ^  have shown that calcium ferrites 
have a similar reducibility to hematite. However, as will 
he discussed later (Section 8.3-)? the reduction of specimens 
containing hematite undergo considerable swelling and 
cracking during reduction, whilst calcium ferrites contract 
on reduction, and also tend to decrease the swelling of 
hematite when px*esent as an additive^b\
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It is to be expected that the formation of cracks and, 
to a lesser extent, pores, during reduction will improve 
the kinetics of reduction in the following ways :- a) by 
increasing the free surface area available for gas/solid 
reaction, b) by decreasing the diffusion path of the 
reductant and products of reduction, and c) by improving the 
permeability of the specimen*
The three high grade ores containing hematite all under­
go considerable swelling on reduction. The curves for 
reduction at 1050°C show that the presence of slag and 
dissolved impurities have very little effect on the high 
temperature reduction. It appears that the increased time 
for reduction of Oxfordshire ore is probably due to the 
presence of a large volume of slag, and also due to the fact 
that the reduction is accompanied by a contraction rather than 
a considerable expansion. Since the effect of the slag on 
the reduction of hematite is negligible, it is to be inferred 
that the contraction on reduction with Oxfordshire is the 
predominant cause for the decreased reducibility.
When considering the reduction of the ores at lower 
temperatures, the differences in their behaviour are more 
pronounced with reduction at 550°C than with reduction at 
750°C. Firstly, considering the reduction at 750°0; the 
reduction curves obtained are shown in Figures(l1, 12, 14, 16). 
These curves show that Stripa ore still has very good 
reducibility, reaching 90% reduction after 150 minutes, which
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is much less than the time required for the pure hematite. 
Kiruna D ore tends to behave similarly to hematite containing 
15% calcium silicate slag. In the case of Conakry ore, 
reduction appears to proceed normally, until approximately 
33% reduction, after which the reduction rapidly slows down. 
Oxfordshire ore undergoes only just over 32% reduction after 
400 minutes.
As with high temperature reduction, the ores containing 
hematite underwent considerable swelling, especially in the 
case of Conakry ore. Stripa ore expanded by an amount 
similar to pure hematite, whilst Kiruna expanded to a much 
lesser extent, 3% expansion compared with approximately 17% 
for Stripa and hematite. Whilst the rate of solid state 
diffusion at high temperatures is very fast, and hence the 
rate-controlling mechanism is the gaseous diffusion of 
reductant and products into and out of the specimen, at 
lower temperatures the rates of reaction at the reduction 
front and the solid state diffusion through the oxide will be 
much decreased, so that even a ready supply of reductant 
into the specimen will not have such a significant effect as 
with high temperature reduction. The presence of slag or 
impurities which might decrease the rate of solid state 
diffusion, will have a significant effect on the overall rate 
of reduction. In the case of Stripa ore, there are no 
impurities dissolved in the hematite, but there is a slag 
present. However, as shown by the photomicrographs
(Figures 45, 69 and 79) of specimens which have undergone 
step wise reduction, the slag tends to he very incoherent 
with the reduced oxides. Because the slag breaks away from 
the oxide grains, its effectiveness as a diffusion harrier 
is drastically reduced.
Kiruna ore again consists of hematite with no dissolved
impurities and a slag. The photomicrographs of Kiruna that
has undergone stepwise reduction at 750°C (Figures 52, 71»S3)
show that the slag remains coherent with all the reduced
oxides. Coupled with the inter-related effect that the
Kiruna specimen has undergone less expansion on reduction,
the overall effect is for a reduction rate which is less than
for pure hematite, but very similar to hematite with 15% added
calcium silicate slag. Conakry ore, whilst having very
little slag present, as shown by Figure 58, has most of the
impurity, alumina, dissolved in the hematite. Other
investigators have shown that considerable amounts of alumina
can go into solution In hematite^^0*164) ^ As is shown in
Figure 26, the reduction of Conakry ore at 750°C starts to
follow normal reduction in which the percentage reduction is
directly proportional to the square root of the reduction
time. The slope of the derived line, the specific rate
_ nconstant, is- 0.051 nin“2, which is slightly greater than the 
value for Kiruna, 0.045? hut smaller than the values for 
hematite, 0.067? and Stripa, 0.094 min. 2. However, as shown 
in Figure 26, the reduction deviates from the normal equation
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after 30% reduction. It therefore appears that the 
presence of alumina, whilst not seriously affecting the 
initial reduction, i.e. to magnetite, the reduction to 
wustite, and especially iron, are seriously affected. The 
equilibrium phase diagrams for the iron oxide alumina 
systems^"*8’^ 79,180) s^low +1+9+ hematite and magnetite both 
form solid solutions with alumina, whilst both wustite and 
iron do not. The presence of inert alumina in both the 
hematite and magnetite lattice seems to have a negligible 
effect on the initial reduction; however, during the 
reduction to wustite and iron, the insoluble atoms must 
diffuse out of the lattice, so that the new reduced lattice 
can be formed. It appears that this process of diffusion 
of the alumina causes a rapid decrease in the rate of 
reduction.
The effect of slag as a diffusion barrier, and the 
lack of expansion on reduction of calcium ferrites, both 
have a large effect on the reduction of Oxfordshire at 
750°C. However, although the reduction rate is very slow, 
the reduction still tends to follow the normal equation 
that percentage reduction is directly proportional to the 
square root of reduction time, with a specific rate constant 
of 0.026 min. 2, which is less than half the value for the 
next slowest reducing ore.
The maximum difference in the behaviour of the ores 
occurs with reductions cai*ried out at 550°C0 The reduction
curves for Stripa and Kiruna ores (Figures 11 and 12) show 
that the rate of reduction is greatly decreased. Both the 
ores show a slower rate of reduction than pure hematite but 
a similar rate to the hematite with slag additions^^. 
Examination of the reduced specimens showed that for both 
the ores, the slag was coherent with the reduced oxides and 
iron produced. It therefore appears that the effectiveness 
of the two slags as diffusion barriers is approximately the 
same when the slags remain coherent.
The reduction of Conakry ore at 550°C shows that the 
reduction reaches equilibrium after 14% reduction. Micro­
scopic and X-ray diffraction analysis of the reduced 
specimen revealed only the presence of magnetite. A 
specimen completely reduced to magnetite is equivalent to 
11% reduction. Whereas the reduction of hematite above 
570 °C^^8  ^involves the reduction to magnetite-wus tit e-iron, 
because of the instability of wustite below 570°C, the 
reduction involves the reduction of the hematite to 
magnetite followed by reduction to iron directly. Close 
examination of the curve shows that beyond 14% reduction, 
the reduction proceeds at the rate of less than 1% reduction/ 
hour. The reduction of magnetite to iron, therefore, is 
very slow when the magnetite contains alumina. Comparing 
the reduction at 750 and 550°C the formation of iron is 
possible at 750°C, but at a rate much slower than with 
Stripa or Kiruna ores, whilst at 550°C9 both Stripa and
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Kiruna both, reduce to iron, the rate of iron formation with 
Conakry ore is negligible. Taylorv J and Zudin.et 
al(l82) jPOUn(j that the presence of alumina in magnetite 
greatly decreases reducibility. A further reduction of 
Conakry ore was carried out with the reduction temperature 
of 620°C, as shorn in Figure 14; this curve shows that the 
reduction will proceed beyond magnetite to form wustite.
It was found impossible to reduce Oxfordshire at 550°C. 
However, on raising the reduction temperature to 620°C, it 
was found that reduction proceeded very slowly and only 
reached 8.5% reduction after 400 minutes. From this it may 
be inferred that the production of wustite is always 
necessary when calcium ferrites are reduced.
The effect of partial pressure of hydrogen, total gas 
flow rate and porosity of the specimens on the rate of 
reduction has been studied by many investigators. It was 
decided to study the effect of variation of hydrogen 
partial pressure and the effect of total gas flow rate.
This series of tests was carried out using hydrogen/argon 
atmospheres, with the reduction temperature kept constant at 
550°C.
The effect of variation of the total gas flow rate on 
the reduction of Stripa at 550°C with the partial pressure 
of hydrogen of 0.1 atmospheres is shown in Figure 11.
Whereas the normal gas flow was 3 litres/minute, tests were 
carried out with gas flow rate of 1-g- litres/minute. Two
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further tests were carried out in which the gas flow rate 
was altered after 200 minutes. On decreasing the gas flow 
to 1-J- litres/minute, the reduction appears to reach 
equilibrium at 12% reduction. In the first composite test, 
the gas flow was initially 1-J- litres/minute, which caused an 
apparent equilibrium at 12% reduction. This equilibrium 
being reached after 20 minutes. Increasing the gas flow to 
3 litres/minute was accompanied by renewed reduction. The 
second composite test started with the gas flow at 3 litres/ 
minute, and after 200 minutes was decreased to 1-J- litres/ 
minute. The reduction progressed normally for the first 
200 minutes; however, on changing the gas flow the specimen 
again reached constant weight. The start of this second 
test should corresiDond to the original test in which the gas 
flow was 3 litres/minute for 4-00 minutes. Figure 1 1 shows 
that there is a slight difference in the two curves obtained.
( 157)The effect of porosity' has been studied and it was
found that the time for reduction was inversely proportional 
to the porosity of the specimen. The difference in the 
reduction time is within the value obtained by considering 
the effect of the range of porosity which is formed on 
sintering, i.e. 1 1 .5+ 0.5%.
These composite tests show that the rate of reduction 
of hematite to magnetite is unaffected by the gas flow. In 
both tests the amount of reduction which takes place in the 
200 minutes when the gas flow is 3 litres/minute are both the
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same. Therefore there is no permanent effect on the
specimen of the apparent equilibrium at 12% reduction. Thq
two tests show that there are two apparent equilibriums
when the gas flow is 1-J- litres/minute, the first at 12%
reduction and the other after 40% reduction. It has been
shown by previous i n v e s t i g a t o r s t h a t  there is a
critical gas flow above which flow rate has no effect.
Edstrom^^ quoted that this critical velocity for hematite
crystals was 2 .5 cms/sec. at 900°0. Udy and Lorig^8^  ,
studying the reduction of magnetite concentrate with 2%
silica, showed that the critical gas velocity was temperature
dependent and equal to 1.3 cms/sec. at 600°0. In the
apparatus used in the present investigation, 3 litres/minute
corresponds to 2 . 1 cms/sec. and 1-J- litres/minute corresponds
to 1 .0 5 cms/sec. Neither of the previous investigators
reported that below the critical gas flow an apparent
equilibrium was reached. A possible cause of the equilibrium
is that locally within the specimen there may be areas with
a high concentration of steam. According to the Ee-O-H
equilibrium diagram^*^8  ^at 550°0 an atmosphere containing
22% steam will be in equilibrium with both magnetite and iron.
Within the specimen steam is being continually produced by
reduction, and is being swept out of the specimen by the flow
(155 185)of the reducing gas. Two mvestigatorsv J have
reported that the rate of steam diffusion was a third of the 
rate of hydrogen diffusion. It therefore seems that while
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steam is being produced by reduction there will be a tendency 
for the steam content to increase gradually. Once the 
equilibrium concentration of steam has been reached, i.e. 
partial pressure of steam of 0.02 atmospheres, the reduction 
will stop. As soon as the reduction stops, due to the 
continual passage of the reducing gas, it is to be expected 
that the steam concentration will decrease so that further 
reduction can take place. This behaviour would tend to 
cause the reduction to proceed at a very slow speed.
The effect of gas flow and hydrogen partial pressure on 
the reduction of Kiruna is shown in Figure 13• With a gas 
flow rate of litres/minute, the rate of reduction of 
hematite to magnetite is decreased, and the reduction beyond 
magnetite proceeds slowly. As with Stripa ore, it is 
suggested that both the phenomena are due to the local 
increase in the concentration of steam, which although not 
causing equilibrium, seriously decreases the rate of reduction. 
The effect of increasing the gas flow to 6 litres/minute is 
that there is a slight increase in the rate of reduction.
It is to be inferred that 3 litres/minute is below the 
critical gas velocity for Kiruna.
The increase of the partial pressure of hydrogen from
0 .1 to 0.5 atmospheres, with a gas flow of 3 litres/minute,
causes a very large increase in the rate of reduction. The
effect of hydrogen pressure on the reduction of hematite has
(136 155)been investigated by many investigators' y 9 ? who
reported that the rate of reduction is directly proportional 
to hydrogen pressure^^8  ^, and the other investigators^-^ 
found that at 600°0 on doubling the hydrogen partial 
pressure, the time for reduction was decreased by 26%. In
the present investigation, the effect of increasing the 
partial pressure fivefold is to decrease the reduction time 
to approximately a third of the initial reduction time, with 
a partial pressure of 0 .1 atmospheres. This shows that the 
ore Is tending to obey the relationship proposed by 
McKewan^^8  ^rather than the behaviour expected according 
to Tenenbaum and Joseph' .
Whilst the tests with increased gas flow and partial 
pressure were not carried out with .Stripa ore, it is to be 
predicted that Stripa would behave in a similar manner to 
Kiruna. Two tests carried out with both Kiruna and 
Stripa showed that with a partial pressure of hydrogen of 1.0 
atmosphere, it is possible to reduce Stripa and Kiruna 
completely at 550°C in less than 6 hours*
The effect of gas, flow and partial pressure of 
hydrogen on the reduction of Conakry are shown in Figure 15.
This figure shows that with a gas flow of 1-J- and 3 litres/ 
minute, the reduction proceeds after 14% reduction at a very 
slow rate. The slower gas flow also shows that the time to 
reach 14% reduction is increased and that with both flow 
rates there is a lag in the start of reduction when the 
reducing gas Is admitted. When using a gas flow of 6 litres/
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.minute there is no tendency to almost stop reduction after 
14% reduction, although the curve does show that the rate of 
reduction decreases significantly. These three curves 
suggest that with Conakry the critical gas velocity is nearer 
4.2 cms/sec. (6 litres/minute) than 2.1 cms/sec. with Kiruna 
and Stripa ore. The effect of increasing the partial 
pressure of hydrogen is to increase the rate of reduction, but 
not to such a degree as with Kiruna.
There are two main differences between Stripa and
Kiruna, and Conakry. Stripa and Kiruna consist of almost
pure hematite bonded by slag; however, Conakry is mainly
direct bonded, i.e. oxide to oxide, and the hematite contains
(136)a considerable amount of alumina in solution. KcKewan' y ' 
proposed a model for the reduction of hematite which was 
based on the idea of the formation of*active sites’ at the 
metal/oxide interface, and only on these sites could hydrogen 
be chemisorbed and so react. He further explained the 
effect of partial pressure by suggesting that increase in 
pressure increased the chance of hydrogen collision with the 
active sites. The presence of inert alumina atoms at the 
metal/oxide interface will tend to decrease the number of 
active sites, so requiring increased gas flow or increased 
partial pressure to obtain a similar rate of reduction as 
with a pure hematite. Further, it has been shown by other 
investigators^^^ that even at moderate temperatures, alumina 
has a strong tendency to absorb steam molecules. The
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presence of adsorbed, steam at the metal/oxide interlace will 
seriously reduce the rate of reduction producing an apparent 
equilibrium.
A further test was carried out with Conakry ore at 
550°C, gas flow 3 litres/minute, and partial pressure of 
hydrogen of 0.1 atmosphere. In this test, when the 
specimen reached a very slow rate of reduction, the hydrogen 
was turned off and the specimen was purged with argon only. 
On stopping the hydrogen, the specimen tended to gain weight 
very slowly. After 30 minutes, the hydrogen was restarted, 
and it was found that the reduction proceeded very rapdily 
beyond the original 'steady' state. The reduction rate 
then slowed down. By cycling the specimen in hydrogen/ 
argon and argon only, it was found that increased reduction 
could be obtained by each cycle. It seems probable that 
during reduction the concentration of steam gradually builds 
up. In the argon atmosphere, steam will be gradually 
purged from the specimen and not be replaced by further 
reduction. On introduction of the hydrogen, reduction can 
proceed in a specimen relatively free of entrapped and 
adsorbed steam. Reduction will proceed until there is a 
sufficient build up of steam to slow down the rate of 
reduction.
The reducibility of the ores was next determined in a 
hydrogen/steam/argon atmosphere (Section 4.2.). The 
reduction atmosphere used was 75% hydrogen/25% steam and
1 litre of argon to increase the gas flow to 3 litres/ 
minute. The curves (Figures 17-20) show that whereas Stripa 
ore had the greatest reducibility in the hydrogen/argon 
atmosphere, using the hydrogen/steam atmosphere, Kiruna had 
the greatest reducibility. The increase in the reducibility 
of Kiruna is almost entirely due to the increased expansion 
associated with the reduction, compared with the expansion 
in the hydrogen/argon atmosphere. With both Conakry and 
Oxfordshire ores, at 1050°C the reduction is slightly 
slower, with Conakry proceeding beyond 90% reduction at a 
very slow rate. As shown in Figure 27, the reduction 
proceeds according to the general equation proposed that 
percentage reduction is directly proportional to the square 
root of reduction time. Both Conakry and Oxfordshire ores 
deviate from that predicted from the general equation after 
approximately 70% reduction. This deviation is thought to 
be due to the gradual decrease in the reducing power of the 
atmosphere because of the build up of steam,produced by 
reduction, in the specimen. As the reduction front 
progresses topochemically into the specimen, the length of 
the diffusion path is proportionately lengthened, so that the 
concentration gradient between the outside of the specimen 
and the metal/oxide interface is decreased. Whilst 
cracking will tend to maintain sufficient gas flow through 
the specimen, the presence of alumina in Conakry seriously 
decreases the rate of reduction. In the case of Oxfordshire, 
the reduction is associated with a contraction so that there
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are no easy paths for the reducing gas and, more important, 
the reaction products.
The behaviour of the three high grade ores at 550°C
(132)is to be expected, as the equilibrium phase diagram! 
shows that the atmosphere used will cause equilibrium to be 
reached after reduction only to magnetite. The three ores 
all reached equilibrium after less than 50 minutes, and only 
after 20 minutes in the case of Stripa and Conakry ores.
As before, it was found impossible to reduce Oxfordshire 
at 550°C; however, the reduction did proceed very slowly 
at 620°C, reaching 8% reduction after 400 minutes.
According to the equilibrium phase diagram, reduction 
at 750°0 should proceed to completion with the hydrogen/steam 
atmosphere used. As shown in Figure 17, Stripa is reduced 
completely to iron, whereas all the other ores tend to reach 
a state of very slow reduction after approximately 30% 
reduction. Examination of both Kiruna and Conakry 
specimens revealed only the presence of wustite. The 
presence of wustite and dicalcium ferrite in the Oxfordshire 
specimen was shown by X-ray diffraction analysis. Whereas 
the phase diagram for the reduction of iron oxides shows that 
at 750°0 the atmosphere which is in equilibrium with wustite 
and iron is 70/30 hydrogen/steam, it appears that for 
certain materials equilibrium can be reached with an 
atmosphere with a higher partial pressure of hydrogen than 
is predicted by the diagram. For the three ores that
reached an apparent equilibrium there appear to be three 
different reasons for this behaviour.
In the case of Kiruna ore, the specimen underwent 
considerable cracking, although less than Stripa ore. The 
presence of fewer cracks would encourage the localised 
increase in steam concentration. However, a further factor 
with Kiruna is the presence of a coherent slag which, as 
reported before, remains coherent with the reduced oxides. 
This slag will tend to act as a diffusion barrier causing 
a greater decrease in the rate of diffusion of the steam 
produced by reduction. It seems that both these effects 
will cause the local increase in steam concentration, so 
requiring a higher hydrogen partial pressure in the bulk 
gas to cause the reduction to go to completion. Tests 
carried out for the isothermal reduction of Kiruna to iron 
at 750°0 showed that an atmosphere with a hydrogen partial 
pressure of 0.81 atmospheres was required.
The reduction of Conakry ore was accompanied by very 
extensive swelling and cracking. It is thought, however, 
that the presence of alumina will behave in a similar manner 
as with the reduction at 550°C in the hydrogen/argon 
atmosphere, i.e. it will reduce the number of 'active1 sites 
and increase the tendency for the local increase in steam 
concentration.
As with all the previous reductions of Oxfordshire, 
reduction was accompanied by a contraction rather than
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expansion. The fact that the specimen was uncracked, and 
that the iron hearing material was intimately mixed with a 
considerable volume of slag, both tend to show that the effect 
of the relative rates of diffusion of the hydrogen and the 
steam, then it is very probable that at the metal/oxide 
interface the steam concentration is significantly higher 
than in the bulk gas. Further tests showed, that it was 
impossible to reduce Oxfordshire completely to iron below 
800°G, even-using a reducing atmosphere of hydrogen.
The third series of tests were carried out (Section 4.3)
using a reducing atmosphere of hydrogen only. The tests
were carried out in order to obtain apparent activation
energies for the overall reduction processes ar various
temperatures, and also to determine more fully the effect of
reduction temperature on the rate of reduction. Various 
(qq 157 175)investigators'-^  5 have reported that hematite
reduction rate reaches a minimum at 700°0. Other investi­
gators^ - , studying the reduction of magnetite,
showed that there was a maximum in the rate at 600°C, with 
decrease in the rate on further increase in reduction 
temperature.
The results for Stripa ore,shown in Figure 21, show 
that there is a rapid increase in the rate of reduction as 
the reduction temperature is raised from 500 to 600°G, and 
that further increase in temperature produces on a slight 
increase in the rate of reduction. 0?he results for Kiruna
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show that there is a tendency for the increase in the rate 
of reduction with temperature to reach a minimum in the 
temperature range 600 to 700°C« Above or below this
range, the change in reduction rate is more significant.
The series of tests with micaceous Seirra Leone concentrate 
were carried out to see how a relatively pure sintered 
hematite would behave under these reducing conditions.
Figure 25 shows that it behaves similarly to Stripa ore. 
in the case of the two other ores, Conakry and Oxfordshire, 
complete reduction was only achieved above 900 and 800°C 
respectively, with a very rapid increase in the rate of 
reduction above 700°G. Since these ores only underwent 
progressively smaller amounts of reduction on decreasing the 
reduction temperature, it is to be assumed that there is an 
associated very large decrease in the reduction rates.
The reason given by the previous investigators for the 
minimum in the reduction rate at 700°0 is the onset of 
resintering of the iron produced by the reduction. However,
as shown by the photomicrographs of the ores reduced at high 
and low temperatures, the iron produced at low temperatures 
appears to be in the form of very porous agglomerates, whilst 
the iron produced at 1000°C tends to consist of dense 
spheroids, which have a slight tendency to sinter together. 
Edstrom^^ considered that the minimum was due to the 
formation of wustite through which diffusion occurs slowly.
If this is the case, it is to be expected that ores which
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undergo extensive cracking and hence have a much increased 
surface for reduction, this effect will "be minimal, as in the 
case of Stripa. With Kiruna, the ore swells and cracks to a 
lesser extent, so that slow diffusion through wustite is a 
possible explanation for only the small increase in the 
reduction rate over the range 600 to 700°0. In the case of 
Oxfordshire and Conakry, the presence of wustite might aid 
the decrease in the reduction rate; however, the general 
large increase in rate at low temperatures is more than 
likely due to the presence of dissolved alumina in the 
Conakry, and the presence of a large volume of slag in the 
Oxfordshire.
The results of these tests were replotted with the 
logarithm of reduction time to reach a constant reduction 
plotted against the reciprocal of reduction temperature in 
degrees Kelvin. The slope of these curves gives an apparent 
activation energy. The activation energies are given in 
Table 14. This table shoi\rs that, with the exception of 
Conakry ore, the activation energy is not dependent on the 
amount of reduction. This table further shows that there 
is considerable variation in the activation energies of the 
ores and pure sintered hematite. There is a large 
variation in the values of activation energies obtained from 
various investigations. A review of these activation 
energiesshows that they can vary between 2 and 28 
Kcals/grm.mol. One of the reasons for this range of values
is that the activation energy calculated will depend on the
actual reduction process that is rate controlling. If,
during the temperature range being investigated, the rate
controlling process should change, then it is reasonable to
find a change in activation energy, as shown by a change in
slope of the line, e.g. in the case of Kiruna and micaceous
hematite (Figures 28 and 30)* There is a change in slope in
the temperature range 700 to 800°0. This change in
activation energy has also been reported by Cox and Rossv
Tenenbaum and Squarcy^^ and Cox and Ross^^^ suggested
that the break in the Arrhenius plot was due to the rate
( 1 3 9 )minimum. Smith' showed that it was possible to
identify the rate controlling process by means of the
calculated activation energy. He showed that gaseous
diffusion controlled reactions had low activation energies,
less than 10 Iical/mole, and that solid state diffusion
processes had activation energies greater than 20 Kcals/mole.
While the results obtained with both Stripa and micaceous
show that the activation energies are of a value which would
suggest that gaseous diffusion is the rate controlling
process, the values of activation energies for the other ores
would tend to suggest that they are controlled by solid
( 94)state diffusion. However, as proposed by Edstrom'y the 
hematite iron and the hematite/magnetite/wustite reduction 
are the only reductions controlled by solid state diffusion. 
It therefore appears that in the presence of slags and
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impurities,processes basically controlled by gaseous 
diffusion can have large activation energies, due to the 
physical adherence of slag reducing the number of effective 
active sites, and the presence of alumina acting in a similar 
manner.
8*2. Effect of Temperature on the Compressive Strength of
the Sintered Ore Compacts
With the exception of Kiruna ore, the compressive 
strength of the ores remained fairly constant over the 
temperature range, room temperature to 900°C. In the case 
of Kiruna, the room temperature strength was greatly 
increased compared with the other ores. Microscopic exam­
ination of the specimens failed to reveal any reason for 
this increased low temperature strength- A probable 
explanation is that the slag becomes very slightly ductile 
which, although decreasing the strength, allows the slag to 
generally remain coherent with the oxide grains during 
reduction- All the ores below 900°G failed in a brittle
manner- It is seen that by comparing the results of the
(119)tests on the ores with those of a previous investigation 
shown in Figures 3-5? the ore specimens generally7 had lowqr 
strengths than the pure hematite and hematite with slag 
additions- Whilst the physical properties of the specimens 
were basically the same, i.e. porosity and size, the slags 
present in the ores tended to be more complex, with the
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definite possibility of the presence of glasses, which, are 
very susceptible to premature brittle failure, due to the 
presence of localized high concentrations of stress.
As shown in Figures 31 and 34, on increasing the testing 
temperature slightly above 900°G, both Stripa and Oxfordshire 
showed a maximum strength. In the case of Stripa, the 
maximum occurred over a very small temperature range at 
approximately 915°C. Below this temperature, the specimens 
failed in a brittle manner, and above this temperature, 
failure was preceded by less than 5% plastic deformation 
followed by brittle failure. It seems that the maximum 
is associated with the onset of plastic deformation. Micro­
scopic and X-ray diffraction analysis failed to reveal any 
change in the specimen that had been heated to 9 15°6, 
followed by slow cooling. A series of tests were conducted 
in which specimens which had been heated to 9 1 5 were 
cooled at various rates to room temperature, after which 
the compressive strength was determined. There was no
change in the room temperature strength. It is concluded,
therefore, that the maximum is due to a phenomenon at 
temperature, and is probably due to the slag and/or any 
glass phases present, becoming plastic, so that local 
concentrations of stress are relieved by slight plastic 
deformation (considerably less than 5% plastic deformation) 
and that this relief of stress prevents premature failure 
of the specimen. It is thought that a similar effect is
happening in the Oxfordshire specimen, hut at a temperature 
approaching 1000°0,
Other investigators^?^, studying the tensile strength 
of polycrystalline magnesia,found a similar increase in 
tensile strength at the first tendency for plastic 
deformation. They stated that this was due to the increased 
ease of slip, and the fact that when the first slip hand 
reached a grain boundary a fracture was not produced. 
Investigators^??^ studying the bend strength of alumina 
found the maximum at the onset of plastic deformation, and 
they concluded that this was due to the relief of internal 
stresses. In the present investigation, the presence and 
relief of internal stress hy heat treatment were not 
revealed by the X-ray diffraction analysis carried out.
The compressive strength of as-sintered Conakry under­
goes a slight increase at 600°C, followed by a decrease in 
strength until, at 900°C, the specimens fails by brittle 
failure after less than 5% plastic deformation. This 
behaviour is approximately the same as with pure hematite 
(Figure 3)» However, on increasing the temperature, Conakry 
ore readily undergoes greater than 5% plastic deformation, 
whereas hematite, even at 1200°C, did not undergo 5% plastic 
deformation. The reason for the difference with Conakry is 
that whilst there is very little slag present, to allow 
plastic deformation to occur, the hematite/alumina solid 
solution must be more plastic than pure hematite.
Increasing the testing temperature beyond 950°C causes
the ores to undergo plastic deformation with a resulting
decrease in the compressive strength. Results from the
( « * q \previous investigation' show that, in the case of
hematite and hematite with 15% calcium silicate, the 
compressive strength decreases rapidly above 850°0, and that 
in no case did the specimens undergo 5% plastic deformation. 
The hematite with 15% calcium monoferrite shows negligible 
decrease until above 1000°0, when the specimens underwent 
5% plastic deformation, i.e. behaving in a similar manner to 
the ores used in the present investigation.
Microscopic examination of specimens that had undergone 
brittle failure showed that the crack tended to pass both 
through the slag phase and the hematite grains. With 
Stripa ore, the presence of twinned hematite grains was 
only noticed in specimens that had undergone plastic 
deformation. As shown in Figure 43, the twins are only 
present in the deformed zone. The presence of a very few 
twinned grains of hematite has been shown in tlie as-sintered 
specimens. Twins have also been reported in the hematite
( 35*)grains of fluxed sinters'*^'. It is thought that these 
twins are produced by stresses introduced during cominution 
and that on heating the ores to high temperature, the stress 
is relieved by twinning.
Both Iviruna and. Conakry ores showed the presence of a 
very few twins in specimens that had undergone plastic
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deformation. The difference in the twinning behaviour of
the hematite in Kiruna compared with the hematite in Stripa,
is thought to be due to the presence of a plastic slag in
the Kiruna undergoing deformation more easily than the
hematite which would undergo deformation by twinning. The
hematite/alumina solid solution in Conakry readily undergoes
greater than 5% plastic deformation, with the formation of
very few twins. The presence of alumina in the hematite
must, therefore, alter the mode of deformation from twinning
to some other undetermined mode. This change in mode is not,
however, due to a change in crystaliographic structure, since
( 1 7 9 )in this and in other investigationsv at has been shown
that the hematite/alumina solid solutions can be considered 
as hexagonal, the same as pure hematite.
In Oxfordshire specimens no evidence of twins was found, 
probably due to the different crystal lattice of the calcium 
ferrites compared with hematite, even though at high 
temperatures the specimens could undergo greatly in excess of 
5% plastic deformation without fracturing. This ease of 
plastic deformation is more than likely attributable to the 
slag rather than the main iron bearing material, calcium 
monoferrite, because of the difficulty of slip to occur in an 
orthorhombic^4^ ’^ 88  ^crystal lattice. The fact that the 
slag phase in Oxfordshire is the controlling factor, the 
compressive strength is shown by a previous investigation^8*^ , 
in which it was shown that calcium monoferrite had a room
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ptemperature strength of 37 Kgs,/mm , which is considerably 
higher than the strength of Oxfordshire oj?e. This investi­
gations^?^ further showed that the strength of iron
pcalcium silicates, was in the order of 25-30 Kgs/mm , which 
is in close agreement with the strengths of the ores as 
shown in the present investigation.
8.3. Reduction of Ores to Magnetite
Before studying the effect of reduction on the iron 
ore compacts, preliminary tests were carried out to 
ascertain the eff ,ct of heating and cooling the specimens 
in both argon and steam, and also the effect of steam on 
the compacts. Tests showed that rapid cycling of the 
compacts between room temperature and 950°C in argon had no 
effect on the compacts, and that only with Oxfordshire ore 
did the specimens crack when cycled in steam. Since with 
Oxfordshire ore, no cracking was found during the reduction, 
it is to he assumed that the heating and cooling rates used 
in the reduction investigation were sufficiently low so as 
not to cause cracking due to thermal effects. All the ores 
showed that when maintained at 950°G for 6 hours in a steam 
only atmosphere, they neither cracked nor swelled. However, 
as soon as 5 c.c.s. of hydrogen were included with the 2 
litres/minute steam, the specimens started to crack and swell 
due to the onset of reduction. Although this shows that
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steam on its own has no detectable effect on the specimens 
results from this and other investigationsv y tend to
infer that the amount of steam with hydrogen in the reducing 
atmosphere might have an effect on the dimensional changes 
associated with the reduction, especially with reduction to 
magnetite.
The .reduction of hematite to magnetite involves both 
a change in the chemical composition, and,perhaps more 
important, a change in the crystallographic structure.
These changes are associated with considerable changes in 
specimen dimensions, the formation of pores, internal 
cloacking with its attendant decrease in the compressive 
strength- These changes are in the main, 3?elated to the 
reduction temperature, and the physical and chemical 
properties of the ores.
8-3*1° Dimensional Changes of the Ore Compacts
It is evident from Figures 35”37 that the reduction to 
magnetite is associated with considerable increases in 
apparent volume and that the change is related to the reduction 
temperature, and that there are significant differences 
between the three high grade ores. It i s  apparent that both 
Kiruna and Conakry behave in a similar manner to pure 
h e m a t i t e ^ t e n d i n g  to show a minimum in the 
expansion in the temperature range 650 to 825°C, the actual 
temperature for the minimum varying for each ore. There are
198o
few reports in the literature of this significant temperature
effect. Sdstrom^^ reports that complete reduction to
iron at 1000°G is accompanied by an expansion of 40%, and
that at 600°C there is a shrinkage of 2%; there is no mention
(94)of a minimum in the volume change. Edstromv• J further 
shows that in carbon monoxide at 1000°C, the reduction to 
magnetite is associated with a volume increase of 25%, and 
states further that the volume changes with hydrogen are 
similar.
In the case of Stripa ore, the volume expansion tends 
to reach a maximum at 750°0. Below 750°6 the ore is 
behaving similarly to hematite with a 15% addition of calcium 
silicate (Figure 2), which shows that as the reduction 
temperature increases, so does the expansion. With Stripa, 
however, above 750°G the expansion decreases to a minimum at 
950°0. A possible cause for this decrease in the expansion 
above 750°0, and especially the minimum at 950°G, is the 
fact that the strength of the compacts increase especially 
just above 900°C. It might be expected that the presence 
of slag could influence the volume changes by a combination 
of a) modifying the stresses causing the cracking, b) 
strengthening the compact and so tend to inhibit the cracking, 
c) altering the amount and nature of micropores formed, and, 
to a lesser extent, d) the slag undergoing volume changes, 
both because of thermal effects and also changes due to 
reduction of slag phases that may contain iron bearing phases.
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The presence of slag in the Kiruna ore has had very- 
little effect on the expansions, except possibly at low 
temperatures, where although the specimen generally has a 
lower strength than the hematite, there is a tendency for 
slightly less cracking and expansion. This smaller amount 
of cracking may also he due to the fact that, as shorn in 
Table 3*23, to obtain reduction to magnetite, a considerably 
higher partial pressure of hydrogen is required, especially 
at low temperatures. A further effect of the slag in Kiruna 
is that it generally remains coherent with the reduced phase, 
so that although the overall compressive strength may be 
lower than for hematite compacts, the cohesive forces 
between the magnetite grains and the slag may be sufficient 
to reduce the tendency of the magnetite to expand and move 
apart *
The presence of dissolved alumina in both the hematite 
(130 179)and the sesquioxide'  ^ ’ 1 y/ produced appears to have little 
effect on the basically direct bonded Conakry, and so 
Conakry generally behaves similarly to direct bonded hematite.
Figure 38 shows that the reduction of Oxfordshire to 
11% reduction is accompanied by volume contraction, and that 
the contraction generally increases as the reduction 
temperature is increased. The main reason for this differ­
ence in behaviour of the Oxfordshire ore is due to the fact 
that the ore contains no detectable amounts of hematite, and 
that the iron hearing material consists of calcium monoferrite
and smaller amounts of dicalcium ferrite. Electron micro­
probe microanalysis showed that there was a significant amount 
of iron oxide dissolved in the complex calcium aluminium 
silicate slag. As reported by several 
i n v e s t i g a t o r s ^ ^ ^ ^ 57) ? reduction of calcium
ferrites does not involve the reduction via the magnetite 
phase, but involves the reduction of dicalcium ferrite, which 
is directly reduced to iron and lime. Although both 
calcium monoferrite and dicalcium ferrite have an
( q '1ZL "1 1orthorhombic type structurev ’ ' , the reduction to cubic
iron is not associated with large volume expansions, as with 
the rhombohedral/cubic change associated xvith the reduction 
of hematite to magnetite. Since the magnetite phase is 
not present, the calcium ferrites were reduced to 11% 
reduction, which is equivalent to the reduction of hematite to 
magnetite, as far as the amount of oxygen removed is concerned.
As shown in later sections, with the exception of 
Conakry, the most significant changes in the volumes of the 
compacts occurred during the hematite/magnetite reduction.
A series of tests were carried out in which specimens 
underwent 25, 50 and 75% reduction to magnetite, using the 
reducing atmospheres utilized in the tests where reduction 
completely to magnetite took place in 6 hours. The results 
of these tests are shown in Table 15°
TABLE 15
Apparent Volume Changes associated with the 
Partial Reduction to Magnetite
Apparent Volume Change %
Material Reduction Temperature 
°C 25% 50% 75%
100%
reduction
Stripa 550 + 2.8 4 6.6 4 8.8 4 21.5
750 + 4.1 4 16.6 4 21*2 + 32.5
950 4 4.3 4 7.9 4 12,9 4 18.4
Kiruna 550 + 1 .0 4 4.5 4 8*1 + 15*1
750 + 2.6 4 4*2 4 6*9 + 11*3
950 + 2.7 4 6.8 4 8.7 + 28.0
Conakry 550 5*2 4 10*7 4 12.4 + 13-6
750 + 4.5 4 1 1*8 4 14*3 + 15*1
950 4 6.4 4 16,7 4 27*3 + 30.1
Oxfordshire 750 - 0.9 - 1*2 - 1*2 - 1.3
950 0.8 - 1.1 - 1.8 — 2.4
(11  q)In the previous investigation' "' it was shorn that 
during the reduction of sintered hematite at 700°C, the 
increase in specimen diameter gradually increased with 
reduction, whilst in the case of reduction at 1000°C, the 
specimen diameter increased rapdily so that, beyond 60% 
reduction to magnetite, there was only a small increase in 
the diameter. The results from the present Investigation, 
given in Table 15? show that whilst some of the ores show
the gradual increase in volume with reduction, as with Stripa 
at 950°0 and, to a lesser extent, with Conakry at 950°C, 
others such as Conakry at 550 and 750°C show that beyond 
75% reduction there is only a slight increase in volume In 
the other cases, the expansion tends to bo less than the 
amount of reduction, e.g., with Stripa and Kiruna ores at 
550°C, only 50% of the total expansion has been reached after 
75% reduction, and hence there is a large increase in volume 
associated with the completion of the reduction. A possible 
explanation of the sudd.en increase towards the end of 
reduction is that during the reduction the grains of hematite 
adjacent to the slag will be undergoing changes in volume. 
This will cause the slag to become stressed. While the 
slag is absorbing the stresses, the amount of swelling will 
be reduced; however, once the stress in the slag Is 
sufficient to cause breakdown of the slag network, the 
specimen will expand. If there is a sudden relief of 
stress by fracture, this can cause considerable swelling 
suddenly. This 'expolosive' nature of stress relief on 
fracture was often shown in the shattering of as-sintered 
compacts at the end of a compression test.
In the case of gradual expansion, it is to be inferred 
that the slag progressively fails as the reduction continues, 
whilst in the case where practically all the expansion occurs 
after 50% reduction, the slag suffered early failure, with 
the fracture extending well into the centre of the specimen
which, still consisted of as-sintered ore.
The mode and amount of internal cracking will he 
discussed later (Section 8.3*3*) dealing with the structural 
changes associated with the reduction of the ores to 
magnetite.
8.3*2. Compressive Strength Changes on Reduction to Magnetite
As is to he expected, when the compacts undergo 
extensive swelling and cracking, the strength is significantly- 
decreased. In the case of the three high grade ores, the 
strengths at all temperatures are significantly higher than 
for pure hematite reduced to magnetite; however, the 
strengths of the reduced ores are less than those obtained 
with hematite and the synthetic slag additions. All the 
high grade ores show a maximum strength in the temperature 
range 650 to 950°C, the extent of this relatively high 
strength and the temperature for the maximum vary for each 
ore. The maximum strength developed for Kiruna is 
approximately half the strength of the as-sintered material, 
whilst the strength of both Stripa and Conakry ores are 
approximately 40% of the as-sintered strength.
Comparing the figures showing the strength after 
reduction, Figures 3 1”34, with those showing the volume 
expansions associated with the reduction to magnetite,
Figures 35-38 readily show the effect of the expansion on the
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reduced compression strength. The three high grade ores
after reduction fail by brittle failure up to a reduction
(119)temperature of 950°C. In the previous investigation^ 
it was shorn that the compressive strength of sintered 
magnetite decreased rapidly above 850°C, due to the onset of 
plastic deformation, although even up to 1200°C the 
magnetite failed by brittle failure preceded by less than 5% 
plastic deformation. It therefore appears that the reduced 
ores can undergo greater than 5% plastic deformation, due 
mainly to the plasticity of the slag. The fact that the 
direct bonded Conakry compacts behaved in a similar way is 
probably due to the fact that the swollen reduced compacts 
were undergoing a certain amount of compaction und_er the 
influence of the compressive load. This compaction would 
tend to show on the electronic load cell as a constant load 
and measurement of the strength tested compacts with a micro­
meter revealed a significant difference in the length of the 
cylindrical compacts,compared with the length of compacts 
that had been reduced but not subjected to a compressive 
strength test.
The decrease in the compressive strength of Oxfordshire 
after 11% reduction is considerably less than in the case 
for the high grade ores, as shown in Figure 34. The maximum 
strength is developed at approximately 900°G, with a 
strength which is only 19% below the equivalent as-sintered 
strength. There is a significant increase in the reduced
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compressive strength as the reduction temperature is 
increased from 650 to 900°C; this is associated with an 
increase in the contraction on reduction from 0.6 to 2.2%.
This is prohahly the main cause of the increased strength, 
because over this temperature range the strength of the as- 
sintered compacts remains constant.
The relative strengths of the high grade ores and 
Oxfordshire readily show the very deleterous effect of the 
expansions associated with the reduction of hcuatite to. magnetitc- 
on the compressive strength of the reduced compacts. Further­
more, significant increases in the strength of reduced high 
grade ores is achieved when the slag remains coherent with 
the magnetite produced by reduction, as in the case of
Kiruna ore. However, the strength of slag bonded iron ores
( 119)is higher than that shown by reduced hematite' All
the ores showed that to maintain maximum strength, the 
reduction of both hematite to magnetite and, to a lesser 
extent, the reduction of calcium monoferrite, should be 
carried out at temperatures in excess of 850°0.
8.3*3* Structural Changes on Reduction to Magnetite
Examination of compacts of the three high grade .ores 
that had undergone complete reduction to magnetite revealed 
that they had all undergone varying amounts of internal 
cracking, and that the type of cracking was to a considerable 
extent dependent on the reduction temperature.
In the case of Stripa and Kiruna., with reductions 
carried out below 750°G, showed that there were random cracks 
extending from the surface of the specimen in towards the - 
centre. Examination of partially reduced specimens showed 
that in the case of Kiruna ore, the random cracks only became 
apparent after 50% reduction, and that after this amount of 
reduction,- the cracks extended into the as-sintered ore in 
the centre of the compact. The presence of these cracks 
in the unreduced ore only caused a very slight amount of 
increased reduction in the proximity of the cracks. In the 
case of Stripa ore, even after 25% reduction to magnetite, 
the random cracks 'extended into the centre of the specimen. 
There was also a tendency for a few cracks to run parallel 
to the surface of the specimen, so that the overall crack 
pattern looked like a figure of eight. The difference in 
the behaviour of Kiruna ore is probably due to the slag being 
slightly plastic so that greater reduction can take place 
before significant expansion occurs.
The low temperature reduction of Conakry ore was 
accompanied by cracking, which was parallel to the surface 
of the cylindrical specimens when studying a longitudinal 
section, and that examination of a section perpendicular 
to the vertical axis of the cylinder, the crack pattern 
consisted of concentric cracks, the distance between the 
cracks being fairly constant at approximately 0.25 mms. The 
type of shells produced by reduction at 750°C are shown in
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Figure 76. The amount of cracking and shelling increases 
until 75% reduction, when there are concentric shells said 
also a few lateral cracks extending into the unreduced centrpe* 
Even on complete reduction, the concentric cracks do not 
reach the centre of the specimen. Examination of the cracks 
revealed that the cracks only passed through where the 
specimen had reduced to magnetite, and that in the centre 
of the shells produced some hematite which remained well 
behind the overall topochemical reduction front.
The reduction of both Stripa and Kiruna above 750°G was 
accompanied by the formation of cones of material at the top 
and bottom of the cylindrical compacts, and the formation of 
longitudinal cracks which opened up considerably at the 
surface of the specimen, and in the completely reduced 
specimens extended into the centre of the compacts. In the 
case- of Stripa, the cracks formed at the top and bottom of 
the cylinder progressed with the reduction front, i.e. the 
cracks did not extend into the unreduced part of the specimen. 
However, with Kiruna, the formation of these cracks occurred 
only after 75% reduction, although the completely reduced 
compacts readily showed the formation of cones.
As with the low temperature reduction of Conakry, 
reduction above 750°C again showed the formation of concentric 
cracks, and also the tendency to form cones and longitudinal 
cracks as with Stripa and Kiruna ores. Microscopic 
examination of the as-sintered compacts revealed no difference
in the as-sintered structure in the vicinity of the top and 
bottom of the compacts, so showing that stresses accompanying 
reduction were the cause of the formation of cones during 
high temperature reduction*
Microscopic examination of the reduction crack© showed 
that they were both transcrystalline and intercrystalline at 
all temperatures of reduction, when they extended into the 
unreduced hematite. The cracking of the magnetite and 
general swelling of the compacts made definite identification 
of the form of the cracking in the magnetite very difficult. 
The cracking appears to he basically intercrystalline in the 
low temperature reduction of Stripa and Kiruna, with a slight 
tendency for transcrystalline cracking in the Stripa. The 
low and high temperature reduction of Conakry ore and the 
high temperature reduction of Stripa and Kiruna are all 
accompanied by transgranular and intergranular cracking.
( 1 1 9 )In the previous investigation' the room temperature
tensile strength of hematite was determined from transverse 
bend test and shorn to be 3*2 Kgs/mm , and that the tensile 
strength of magnetite at room temperature was 3*5 Kgs/mm .
In order to estimate the tensile strength of the ores in the 
temperature range 550 to 1050°C, it is necessary to assume 
that the ratio of tensile/compressive strengths remain 
constant at 1/10, From the results of the previous 
investigation^it can be shown that the tensile strength
of hematite between 550 and 1050°C lies between 2.9 and 1.2
2Kgs/mm , and that the corresponding tensile strengths for the
pores lie in the .range 2.7 to 1.1 Kgs/mm , for the high grade
2ores, and 2.6 to 1.4 Kgs/mm , for the Oxfordshire ore. Since 
the tensile strength of a material is lower than either its 
shear or compressive strength, then the tensile stresses
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must represent the minimum necessary to fracture the ore at 
the appropriate temperature. The similarity in the tensile 
strength of the hematite and the ores shows why the ores 
crack both through the slag and also the hematite grains.
Since it has been shown that there is no introduction 
of stresses due to the thermal expansion of the ores, and 
further that the reduction of iron oxide by hydrogen is not 
accompanied with the generation of high gas pressure due to 
the formation of steam, it is suggested that the stresses 
present in the compacts during reduction causing cracking 
are due to the dimensional change associated with the trans­
formation of hematite to magnetite. The fact that with 
Oxfordshire ore there is negligible cracking or volume 
change during the reduction seems to be due to the absence 
of the hematite/magnetite transformation.
According to Gruner^8^  , the theoretical lattice 
densities of hematite and magnetite are 5*257 and 5*34-5 
respectively. It can be calculated that the transformation 
of three molecules of hematite to two molecules of magnetite 
involves a decrease in volume of 4-.9%* The reduction 
should, therefore, be associated with either a decrease in 
the overall dimensions of the specimen or the formation of 
internal pores•
However, as discussed in Section 8.3-1* » the ores that 
underwent reduction to magnetite showed considerable swelling, 
implying a considerably larger increase in the porosity than
would be expected from theoretical considerations,,
Examination of reduced specimens shows that this porosity is 
made up of the original as-sintered porosity, internal cracks 
and, to a much lesser degree, the formation of micropores in 
the magnetite grains. Since the as-sintered porosity was 
kept constant at approximately 11.5%? the increase in 
porosity must be due to the internal cracking and micropores. 
Microscopic examination revealed that the micropores formed 
were both few and small. It is therefore concluded that the 
formation of cracks was the main cause of the large apparent 
volume expansions.
If the magnetite produced is dense, then the contraction
that the grains undergo may lead to cracking. On the other
hand, if the magnetite is porous, i.e. with a porosity
greater than 4.9%, then the magnetite grains will undergo an
expansion which will set up stresses in the rest of the
(119)specimen and cause further cracking. It was shown 
that an increase in the microporosity of magnetite from 4.9% 
to 5*8% was sufficient to cause the hematite to expand by 
25.6% at 525°G. In the case of both Kiruna and Conakry, 
the expansions produced are in the order of 15-35%? and that 
the strength of the ores is similar to hematite, it is to be 
concluded that the magnetite had a porosity on3.y slightly in 
excess of 4.9% stficl much less than 5*8%. The fact that the 
magnetite grains in the Kiruna ore are still coherent with 
the slightly plastic slag confirms that the magnetite grains 
cannot have expanded very much. With Stripa ore, the slag
is not coherent with the magnetite grains and, furthermore, 
there is a greater apparent volume increase of 21%; it is 
to be inferred that the porosity of the magnetite is slightly 
less than 5*8%*
The reduction at high temperatures of the ores to
magnetite generally produced dense magnetite, and so the
microporosity which caused an increase in the volume of the
magnetite grains and, consequently, failure at low temperature
reduction, cannot be held responsible for the failure during
high temperature reduction. Whilst microscopic examination
failed to detect cracks at the magnetite growth/hematite
(119)boundary, as found with hematite' y , it was noticeable 
that in some grains which had undergone partial reduction to 
magnetite, the grains had undergone transcrystalline cracking, 
as shown in Figures 46 and 60. The resulting increase in 
the volume occupied by the cracked grains will cause stresses 
to be set up which cause further cracking, mainly of the 
slag network. It would be possibly expected that when the 
slags become plastic, i.e. above about 950°0, that the 
stresses introduced by the cracking of the grains undergoing 
reduction would tend to be relieved by plastic deformation 
of the slags, hence causing less increase in the specimen 
dimensions. However, as shown in Figures 35“379 the 
specimens undergo increased expansions compared to when the 
compacts are brittle, below 950°C. This increase in 
expansion could be due to the fact that the slag layers 
surrounding the grains are very thin. If the slag deforms
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so that the adjacent grains are touching because of the low 
inherent strength, any further increase in the grains will 
cause large movements in the material, and hence produce 
increased expansion. The specimen as a whole expands because 
the hematite/magnetite grains have a slightly higher strength 
than the surrounding slag, and hence the slag deforms rather 
than the hematite and magnetite grains.
(119)As has been reported' , the growth pattern of the 
magnetite in the hematite grains is dependent on the reduction 
temperature. The change in the growth pattern occurs at 
approximately 750°C for Stripa ore and above 750°0 for both 
Kiruna and Conakry ores. The low temperature growth pattern 
is readily shown 'in Figures 44, 51? 52, 59 and 60, On the 
macroscopic scale the reduction front is. topochemical with a 
fairly wide reduction front. Microscopic examination shows 
that the reduction generally proceeds topochemically from 
the surface of the grain into the centre. Especially in the 
case of Stripa, the fact that the slag is not coherent with 
the magnetite allows reduction to take place on all sides of 
the grain. The effect of coherent slag is readily apparent 
in Figures 51 and 52, which show that the reduction front 
tends to he plane and parallel to the surface of the specimen; 
only in a few grains does the reduction proceed from the edge 
of the grain into the centre. It is to he concluded that 
the presence of a coherent slag decreases the ease of 
accessibility of the reducing gases. The figures showing the
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reduction growth of Conakry ore (Figures 59 and 60) show 
that the reduction is aided by the presence of macroscopic 
cracking. There is a wide reduction front caused mainly 
by the very slow reduction away from the vicinity of cracks. 
The slowness of the reduction away from cracks is confirmed 
by the fact that the shells produced during reduction, and 
approximately 0.25 rnms. thick, consisted entirely of 
magnetite at the cracked surface, with considerable amounts 
of hematite remaining in the centre of the shell. It is 
thought that the slow reduction rate is caused by two 
phenomena. The first is that a dense structure greatly 
decreases the ease of access of the reducing gas and 3?emoval 
of reaction products, and secondly, the presence of alumina 
atoms in the hematite lattice will affect the rate of solid 
state diffusion. The presence of alumina will also affect 
the ease of removal of the steam produced by the reduction, 
the adsorption of stear£48Z^  greatly reducing the gas 
concentration gradient. It must, however, be noted that 
the overall reduction rate of Conakry is similar to the 
other ores, this being due to the presence of many micro 
cracks, so decreasing the effect of slow reduction in the 
dense parts of the specimen.
The high temperature growth pattern of the magnetite 
into the hematite is shown in Figures 46, 47, 55 and 61. As 
shown in the figures, the magnetite has tended to grow along 
preferred planes. The photomicrographs for Stripa (Figures
46 and 47) show the effect of the orientation of the hematite 
grain, and the effect of the presence of a twin on the 
orientation of the magnetite growth. The effect of the 
twin is such that the magnetite preferentially grows along 
the twin boundary followed by growth into the twinned and 
ion twinned part of the hematite grain. Either side of the 
twin the orientation of the magnetite growth is the same; 
however, there is a considerable mismatch between the 
orientation of the magnetite in the twin and the magnetite 
in the untwinned grain. Figure 46 shows that a change in 
the orientation of the original hematite grain prevents the 
magnetite from growing from one orientation to another.
These findings agree with those from the previous 
investigation^^9 . The main difference between the 
magnetic growth in the pure sintered hematite and the 
sintered ores is that whereas in the pure hematite there 
were only a limited number of magnetite growths in any one 
grain; the ores generally show many such growths, which tend 
to coalesce and so form an irregular front passing across the 
grain. It is thought that in the ores the dissolved 
impurities in the hematite - only small amounts in Stripa 
and Kiruna, but a large amount of alumina in the Conakry - 
act as nucleii for the magnetite because of the slightly 
disturbed lattice surrounding the impurity. The preferential 
growth along the twin boundary in Stripa is thought to be due 
to the local disarray of the hematite lattice.
Examination of Oxfordshire specimens which had under­
gone 11% reduction, showed that there were no equivalent 
changes in growth pattern of the reduced phases, and that 
besides the loss in weight, the fact that reduction had taken 
place was shown microscopically by the slight increase in the 
amount of dicalcium ferrite, which was further confirmed by 
X-ray diffraction analysis.
X-ray diffraction analysis of the reduced compacts was
carried out to determine that reduction was complete, and also
determine the lattice parameters of the phases present.
With Stripa and Kiruna ores the lattice parameters of both
the original hematite and the magnetite by reduction, had
lattice parameters which were in close agreement with the
(96 98)values quoted in the literature ’ . Conakry, however,
showed a considerable difference in the lattice parameter pf 
both the as-sintered hematite and the magnetite. For 
hematite the accepted values of the lattice parameter, based
oon a psuedo hexagonal lattice, are aQ 5*0317 und- cQ 13*737-4, 
and the values obtained with Conakry are aQ 5*000 and cQ
o1.3.65A. Assuming that Vegards Law applies to the change 
in the lattice parameter caused by solution of alumina, the 
lattice parameters for the hematite in Conakry correspond to 
a hematite solid solution containing 12% alumina, Atlas and 
Sumida^?^ have studied the lattice parameters of a series 
of hematite solid solutions with alumina, and alumina solid 
solutions with hematite, and have shown that for these solid
solutions the change in lattice parameter is directly related 
to the amount of solute. They show that the change in 
lattice parameter obtained in this investigation corresponds 
to a hematite solid solution containing 11% alumina. The 
lattice parameter of cubic magnetite quoted in the literature 
is 8.396A^8\  and the values obtained, in the present investi­
gation for the magnetite produced from Stripa and Kiruna ores
oare both 8.39A. The respective value,, for the magnetite f2?om
° (130)Conakry,is 8.352A. Pdchards and Whitev  ^fa and Atlas and
Sumida^^7^  , who have studied the thermal dissociation of
hematite solid solutions containing alumina, found that a
complex sesqueoxide was formed, and suggested that the
formula was Fe^+ (Fe8+ Al) . Atlas and Sumida^^^ studied
the lattice parameters of the spinel phase with various ratios
of Fe^O^ to FeAlpO^. Comparing their results, the lattice
parameter, obtained in the present investigation, corresponds
to a spinel phase consisting of approximately 90% Fe^O^ and
10% FeAlgO^, which correspond to an alumina content of 4.5
wt.%. This shows that the reduction of an aluminous hematite
to an aluminous spinel is accompanied by a change in the
amount of alumina remaining in solution with the iron oxide.
However, no precipiteition of alumina was detected by X-ray
diffraction analysis.
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All the ores showed significant changes in the 
compressive strength and voltime dimensions after reduction 
to wustite. With the exception of Conakry ore, all the 
ores exhibited decreased change in specimen dimension, with, 
however, a significant decrease in the compressive strength 
of the reduced compacts. Conakry ore showed a great 
increase in the degradation of the specimen, resulting in 
negligible compression strength.
8*4.1. Dimensional Changes associated with the Reduction
to Wustite
Theoretically, the reduction of hematite to wustite
should involve a substantial volume decrease. According to 
( 94)EdstromrJ ', the respective specific volumes for hematite 
and wustite (23*5% oxygen) at room temperature, are 0.272 co 
and 0.231 cc. for each gramme of iron. It follows, therefore, 
that there will either be a decrease in the volume of the 
iron oxide grains, or else creation of porosity in the grains 
without altering the overall volume of the grain. With 
.Stripa and Kiruna (Figures 35 and 36), the specimens still 
undergo an expansion during reduction; this expansion being 
less than for the reduction to magnetite, but still dependent 
on the reduction temperature. Since the curves for the 
expansion to both hematite and wustite tend to be of similar 
shape, it is to be inferred that during the reduction to
8.4. Reduction of Ores to Wustite
magnetite the specimens underwent an expansion, and that on 
further reduction to wustite the specimens underwent a 
contraction.
Conakry ore shows that the reduction beyond magnetite 
is accompanied by a further large expansion. The curve 
shows a similar shape to that obtained with the reduction to 
magnetite, with a definite decrease in the expansion 
associated with reduction above 950°0. In a previous investi­
gations^*^, in which sintered compacts of wustite were 
produced, to study the reduction to iron, a sintering of 
1050°C for 20 hours in argon was required to decrease the 
green porosity of the compacts from 24.9% to 11.5% porosity 
in the as-sintered compacts. It therefore seems that the 
decrease in the expansion of the compacts is due to the 
onset of resintering of the wustite produced by reduction.
According to some investigatorsS^5» 126,128 *129*157) ^ 
the phase wustite is not stable in the presence of lime 
forming calcium ferrites. The reduction of Oxfordshire ore 
was carried out so that the specimens lost 35% of the total 
oxygen associated with the iron oxides, so that the reduction 
was equivalent to the reduction of hematite in the high 
grade ores to wustite. Figure 38 shows that the changes in 
specimen dimensions associated with the reduction are 
slightly less than with the reduction to 11% reduction.
However, the specimens all underwent a contraction.
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Of all the ores studied, only Conakry ore showed an 
increase in the extent of the expansion on reduction, which 
was also found to occur during the reduction of pure 
sintered hematite. The addition of calcium silicate slag 
to pure hematite caused the compacts to undergo a very large 
expansion, causing them to become friable and distorted, so 
making it impossible to measure the increase in volume.
Similar difficulties were found with Conakry specimens. The
addition of calcium ferrite to hematite was found to decrease 
the volume expansion which remained constant at 6% expansion 
over the temperature range 900 to 1050°C. One possible cause 
could have been the increased rate of reduction to magnetite 
due to the increased reducing' potential of the atmosphere.
As reduction tests carried out at 550°0, in which the 
magnetite was produced in less that 10 minutes, and in 360 
minutes showed a decrease in the expansion from 18% to 14%, it 
is concluded that the increased rate of reduction to magnetite 
will have a significant effect on the expansion to wustite. 
However, there may be other factors involved, such as the 
presence of fine alumina precipitates.
8.4=2. Compressive Strength Changes associated with the
Reduction to Wustite
The compressive strength of wustite (Section 6.2.) 
produced by the reduction of Stripa and Kiruna ores (Figures 
31 and 32) show that the low temperature strength of the
compacts tends to be slightly higher than the strength of the 
compacts reduced to magnetite. Above 850°0, the strength 
of the wustite compacts decreases rapidly, mainly due to the 
onset of greater than 5% plastic deformation* Below this 
temperature, the compacts failed by brittle failure preceded 
by less than 5% plastic deformation. The compressive 
strength of sintered wustite' has been shown to be much
less than the strength of either hematite or magnetite at 
temperatures above 750°C, because it readily deforms 
plastically. Below this temperature, the strengths of the 
three phases are comparable. It is to be concluded that the 
increase in strength on reduction to wustite of Stripa and 
Kiruna is not due to any increase in strength of the wustite, 
but due to the compacts undergoing less expansion than on the 
reduction to magnetite; the difference in the strength between 
the Stripa and Kiruna ores being also due to the:'difference 
in expansions involved during the reduction to wustite.
The strength curves for the as-sintered and compacts reduced 
to magnetite show that the compacts undergo plastic 
deformation at temperatures above 900°G; this plasticity 
being due to the presence of a plastic slag. In the compacts 
reduced to wustite, the plasticity at lower temperatures is 
thought to be due to the presence of plastic wustite in a 
network of still brittle slag. Increase in the reduction 
temperature beyond 900°0 causes a further decrease in 
strength, so that although the compacts have undergone less 
expansion the compressive strength is lower than with
reduction to magnetite because of the very plastic wustite 
being present. The presence of slag in the compacts 
appears to have very little effect on the compressive strength.
The strength of Conakry ore reduced to wustite, as shown 
in Figure 33? is negligible. The strength at 650°C is only
p p1*5 Kgs/mm , compared with 6 Ilgs/mm for Stripa, and 12*5
pKgs/mm for Kiruna. The apparent plastic deformation of 
the Conakry specimen is probably because of the tendency for 
the voids in the compact to be closed under the influence of 
the compressive load. Above 650°C, the strength further 
decreased until the specimen was yielding continuously with 
a total load of less than 25 Kgs/mm , corresponding to a com-
ppressive strength of 0.3 Kgs/mm . It seems that the decrease 
in strength compared with the other ores is due entirely to 
the very large expansions caused by the reduction.
As with the reduction of Oxfordshire to 11% reduction, 
on reduction to 33% reduction Oxfordshire ore exhibits 
greater strength than is obtained with the three high grade 
ores. The results of the strength tests carried out, given 
in Table 1.33, show that at 750°C the compacts undergo 
slight plastic deformation, followed by brittle failure, and 
with reduction carried out above 850°C, the specimens under­
went greater than 5% plastic deformation. The change in 
reduced strength presented in Figure 34 readily shows the 
large decrease in the strength of the compacts associated 
with the onset of plastic deformation. Since the temperature
for the onset of plastic deformation is much lower, in the
order of 100°C, than those obtained with the as-sintered au&
11% reduced compacts, the onset of plasticity does not appear
to be due to the slag present or to the calcium ferrites
present. A fundamental study of the properties of self-
fluxing sinter and especially the mechanical properties of
(127)calcium ferrites, has been made by wTatanabev ' . He fouqd 
that the reduction of both calcium monoferrite and dicalcipm 
ferrite in carbon monoxide at 900°0 was accompanied by an 
increase in the impact strength.
X-ray diffraction analysis of the reduced Oxfordshire 
compacts revealed that the specimens contained considerable 
amounts of wustite. It appears that the plasticity of the 
compacts at moderate temperatures is due to the presence of 
plastic wustite. The temperature at which plastic 
deformation begins is in close agreement with the temperature 
obtained with the high grade ores, i.e. 850°0. The increased 
strength compared with the high grade ores, although all 
containing wustite, is due to two factors. The first is that 
the Oxfordshire compacts undergo a slight contraction on 
reduction, compared with varying expansions of the high grade 
ores, and secondly, the amount of wustite present in much 
less, so the plastic wustite is strengthened by the presence 
of brittle but strong calcium ferrite and slag. The 
increased strength of the Oxfordshire compacts reduced at 
high temperatures is thought to be due to the presence of a
plastic, but not fluid, slag. The decreased fluidity of the 
slag, is . shown by the fact that in the as-sintered compacts 
the strength at high temperatures is still significantly 
higher than in the high grade ores.
8.4.3* Structural Changes associated with the Reduction tp
Wustite
Theoretically, the reduction of hematite to wustite 
should he accompanied by a significant decrease in volume. 
However, in this investigation it has been shown that the 
reduction to wustite is accompanied by expansions which, in the 
case of Stripa and Kiruna, are less than the equivalent 
expansions on reduction only to magnetite, and in the case 
of Conakry, the volume increase is greatly increased on 
reduction beyond magnetite.
Microscopic examination of compacts of the three high 
grade ores studied showed that the microscopic structure of the 
wustite changed considerably, with increasing reduction 
temperature. The magnetite/wustite reduction front tended 
to be plane and parallel to the surface of the compact, and 
changed very little with increasing reduction temperature. 
Figures 69 and 70 show the difference in the microstructure 
of wustite produ.ced by the reduction of Stripa at 750 and 
1050°G respectively. The wustite produced at l o w  temperatures 
is very porous, (tho pores tending to be spherical and show 
no preferred pattern of distribution), whilst that produced
at high temperatures tends to he much more dense.
Comparing the expansions associated with the reduction to 
wustite, hoth specimens underwent a similar amount of increase 
in the apparent volume. The photomicrographs reveal that 
in the low temperature reduction, the wustite is porous and 
the intergranular porosity is lowj however, with high 
temperature reduction, the porosity of the specimen is high 
and the wustite tends to be dense. The grains on reduction 
to wustite undergo a decrease in volume which is shown as an 
increase in the porosity of the grain, there being no change 
in overall dimensions of the grain * It is thought that 
the porosity at low temperature is in part due to the presence 
of very fine pores in the magnetite, which tend to act as 
nucleii for the growth of larger pores, so the specific 
gravity increases without .significantly decreasing the 
external volume of the grain. It seems that with high 
temperature reduction the wustite is dense because of two 
factors. Firstly, the magnetite produced initially is dense, 
and so there are no micropores to grow on further reduction, 
and secondly, the temperature is such that the grains can 
densify and resinter. Since the grains are not porous, the 
volume contraction associated with the reduction to wustite 
must cause an overall decrease in the external dimensions of 
the grain, and it follows that if the specimen does not 
undergo a shrinkage, then the porosity of the specimen will 
increase. As shown in Figure 37? the expansion caused by 
reduction to wustite is slightly less than for magnetite; it
is probable that at low temperatures the decrease in volume 
is produced by formation of pores and also shrinkage of the 
specimen, and that high temperature reduction is associated 
with a decrease in the volume of the grains, which then 
leads to shrinkage of the specimen. The fact that the 
specimens still show a final expansion is due to the 
reduction to magnetite which causes a large volume increase, 
and that this expansion is slightly decreased on further 
reduction to wustite.
The photomicrographs of the structure of the wustite
formed by the reduction of Kiruna ore are shown in Figures
71-73* These show that Kiruna behaves in a similar manner
to Stripa, with the formation of porous wustite at low
temperatures, and dense wustite at high reduction temperatures.
Figure 71 readily shows how the size of the pores increase
as the reduction proceeds. One of the differences between
Kiruna and Stripa ore is shown in Figure 72, which shows the
reduction front at 850°C, and it appears that the pores in
the wustite have a tendency to become elongated and lie in a
preferred direction. This effect is again thought to be due
to the presence of pores in the magnetite which increase in
size on further reduction to wustite. Although microscopic
examination of specimens reduced to magnetite failed to show
( 1 1 9 )clearly the presence of elongated pores, Brill-E&wards^ 
clearly showed the presence of this type of pore in pure 
hematite reduced to magnetite. High temperature formation 
of wustite is characterized by the denseness of the wustite
associated with an increase in the specimen porosity. As 
with .Stripa ore, the final expansion is less than that 
obtained on reduction only to magnetite, and the expansions 
with Kiruna ore are less than those with Stripa, except at 
1050°G. Microscopic examination revealed that the slag in 
Kiruna remains coherent with the reduced wustite grains, 
except at very high temperatures, and so while the slag remains 
coherent it acts as a restraining influence, and so decreases 
the overall expansion. "When the slag becomes incoherent, 
then the restraining influence is removed and the specimens 
undergo a greater expansion. Throughout the temperature 
range studied it is concluded that the reduction to magnetite 
causes an increase in the specimen volume, which is slightly 
decreased on further reduction to wustite.
Microscopic examination of Conakry specimens that ha<J 
been reduced to wustite revealed that at high reduction 
temperatures, dense wustite was formed (Figure 75)? in a 
specimen which had a high porosity. Reduction at low temper­
atures was associated with the formation of a fairly dense 
wustite, which appeared to be cracked; the main part of the 
increase in volume being caused by many severe macroscopic
cracks. The cracked wustite is very similar to that obtained
(*119)when pure hematite is reduced to magnetite' Since the
Conakry behaves similarly to pure hematite, one of the main 
causes for the differences could be that the volume of slag 
in Conakry is negligible, and so the specimen is mainly 
direct bonded. There is therefore no restraining influence
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on the grains undergoing reductions, and so the specimens 
readily expand. A further difference between the Conakry 
and the other ores is tha,t the hematite and magnetite both 
contain approximately 10% alumina in solution. It has been 
s h o w n ^ ? ^ t h a t  the maximum solubility of alumina in 
wustite is less than 1%. The reduction of aluminous magnetite 
to wustite must therefore be associated with the precipitation 
of the alumina. It seems probable that this precipitation 
will affect the reduction to wustite; a.1 though the exact 
effect and the mechanisms involved have not been determined, 
it is thought that the alumina precipitate will facilitate 
cracking.
The reduction of Oxfordshire specimens is accompanied 
by a decrease in the volume of the specimen at all reduction 
temperatures. Microscopic examination revealed that the 
internal porosity of the compacts also increased during the 
reduction. As shown in Figures 77 and 78? the fact that 
the specimen has undergone reduction is more apparent than 
when the specimens were reduced to 11% reduction. After 
the specimens had been etched in 0.5% hydrofluoric acid, 
there appeared to be more dark grey phases present than either 
in the as-sintered compacts o'r in the specimens that had been 
reduced to 11% reduction. Microscopic examination 
revealed that the compacts were relatively free of any 
microscopic cracks. Confirmation of the phases present 
after reduction, by X-ray diffraction analysis, showed that 
both dicalcium ferrite and wustite were present with almost
the total absence of calcium, monoferrite. 'The large
difference in the behaviour of the Oxfordshire ore, compared 
with the three high grade ores, is thought to be due to the 
absence of the hematate/magnetite reduction step, and also 
the presence of a much larger volume of slag. The fact that 
the internal porosity of the compacts increases during 
reduction is probably due to the slag, not only tending to 
prevent increases in the overall volume, but also decreasing 
the ease with which the specimen will contract, by acting as 
a semi-rigid framework.
X-ray diffraction analysis of the reduced compacts, was 
carried out to determine the lattice parameters of the iron 
oxides present, confirm completion of reduction to wustite 
in the high grade ores, and also to determine if the slag 
phases present underwent any changes. The presence of wustite 
was readily confirmed and the lattice parameters obtained 
for the wustite were basically the same for all the ores, 
including both Conakry and Oxfordshire.
Investigatorsv ~ ‘ J J have shorn that the lattice 
parameter of wustite is variable and is dependent on the 
oxygen content of the wustite. Jette and Foote^48^  found 
that the lattice parameter of wustite varied from 4.282 to
o4.301A for a variation in iron content of the wustite from 
76.08 to 76.72 wt.%. They extrapolated, and determined, the
olattice parameter for FeO and found it to be 4.332A.
Smuts^^°\ studying the structure of wustite, stated that the
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best reflection to use for the determination of the lattice 
parameter was the (220). The lattice parameter of the 
wustite produced by reduction of the ores varied between 
4.29 and 4.30A which, according to Jette and Footie^0 )^ 
corresponds to a variation of oxygen content from 23*6 to 
23.3 wt.%. Little or no difference was shown in the 
position and intensity of the slag lines, except in the case 
of Conakry where there appeared to be a slight increase in 
the intensity of the mullite lines with reduction at high 
temperatures. It is to be concluded that since the wustite 
lines for Conakry ore are the same as for the other ores, 
there must be very little solution of alumina in the wustite, 
and so the precipitated alumina has tended to react to form 
more mullite, at high temperatures, but formed alumina 
precipitate at low temperatures.
8.5° Reduction of Ores to Iron
The complete reduction of the ores to iron was 
accompanied by significant changes in the dimensions of the 
specimens and changes in the compressive strength (Section 7)•
8.5 °1« Dimensional Changes associated with the Reduction
to Iron
Theoretically, the reduction of hematite to iron should 
be accompanied by a very large decrease in volume, much more
( qiL)than with the reduction to wustite. Edstromw  J showed that
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the specific volume of hematite and iron were respectively 
0.272 and 0.128 cce. per gramme of iron. Therefore, for each 
gramme of iron present as hematite, the final iron will occupy 
only 47% of the initial volume. From this it would be 
inferred that the ore compacts on reduction to iron should show 
a decrease in volume or remain basically the same volume with a 
high internal porosity.
Below 750°0, the reduction of Stripa to iron is 
accompanied by an overall expansion which is significantly lower 
than obtained in either of the two reduction steps. As the 
reduction temperature is increased above 750°0, there is a 
gradual increase in the expansion after reduction, so that 
above 850°C, there is a greater expansion than is shown by 
reduction to either magnetite or wustite. This increase is 
thought to be due to the very much increased rate of reduction 
of the hematite/magnetite step, causing an expansion which is 
greater than the expansion obtained when the reduction time for 
the hematite/magnetite reduction is 6 hours, compared with less 
than 5 minutes. At all temperatures, it is thought that the 
final expansion is due to the expansion produced by the 
reduction to magnetite, followed by a contraction associated 
with the reduction of magnetite to wustite and xmstite to iron. 
Brill-Edwards showed that the reduction of sintered
wustite compacts to iron was associated with a contraction, 
and the amount of contraction increased at high reduction 
temperatures, probably due to the onset of resintering of the
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reduced iron. The very low final expansion of the Stripa 
specimen reduced at 550°C is thought to be mainly due to the 
use of only hydrogen as the reducing atmosphere. The con­
clusion that the presence of steam in the reducing atmosphere 
tends to increase the expansion associated with the 
reduction of Stripa to iron, tended to be confirmed by the 
tests carried out to determine the apparent activation 
energies of the reduction processes. It was found that at 
all temperatures, the final expansion was less than that 
obtained when using a hydrogen/steam reduction atmosphere.
The fact that the reduction time was decreased from 6 hours 
to less than 40 minutes does not seem to have caused an 
increase in the expansion. The effect of the steam is not 
clear, except that it has been shown that steam on its own 
has no effect on the compacts. The conclusion is therefore 
that the effect of steam becomes operative in association 
with reduction.
Figure 36 shows that the complete reduction of Kiruna 
ore to iron above 750°G is accompanied by an expansion which 
is less than shown by the reduction to magnetite or wustite. 
The expansion to magnetite at 750°0 is 11*5%? whilst reduction 
to iron causes an expansion of 3%° Since the curve for 
reduction to iron above 750°0 shows a similar shape to that 
for reduction to magnetite, it is inferred that the specimen 
undergoes considerable swelling during the reduction to 
magnetite, followed by a contraction on further reduction to
iron. The values of the final expansions for the reduction 
to iron of both Stripa and Kiruna are similar to those 
obtained by Edstrom^P‘\  He found that with stepwise 
reduction to iron in carbon monoxide/carbon dioxide 
atmospheres at 1000°C, the hematite expanded by 27% and that 
the reduction directly to iron at 1000°C was associated with 
an expansion of 48%. Edstrom further showed that xffth 
reduction by hydrogen the expansions were slightly less.
With Kiruna, reduction below 750°C is associated with an 
increase in the expansion until, at 550°G, using only hydrogen 
as the reducing atmosphere, the expansion is very similar to 
that obtained by reduction only to magnetite. It appears 
that the small contraction on reduction to iron is due to 
the formation of very porous iron, and so the overall 
dimensions of the iron ’grains’ changes very little, and hence 
the dimensions of the specimen basically remain the same.
The effect of steam in the reducing atmosphere and slow 
reduction rate appears to be the same as for the all 
hydrogen atmosphere, with faster reduction rate; in both 
cases the expansion on reduction to iron are the same.
The reduction of Conakry ore to iron is accompanied by 
very large increases in volume. It was found impossible to 
reduce Conakry completely to iron below 750°C, even using a 
hydrogen reduction atmosphere. Figure 57 shows that the 
expansions produced are higher than for the reduction to 
magnetite, but slightly less than the equivalent reduction to
wustite, except in the case of the reduction carried out at 
1050°0. In the temperature range studied, the final 
expansion varies only by a small amount. Although the final 
expansion is approximately double that obtained with the otjier 
high grade ores, it is still less than the expansion produced 
by the direct reduction of hematite by carbon monoxide at 
1000°C^^\ i.e. 48% and 40% when using hydrogen as the 
reducing atmosphere. Edstrom^^ concluded that the smaller 
expansion with stepwise reduction was due to the longer 
reduction time. As with the reduction to wustite, there 
appears to be no real explanation for the greatly increased 
expansion. It seems that the reduction to wustite may have 
caused a very large expansion, and that on further reduction to 
iron the specimens underwent a slight contraction. The 
behaviour of the specimen reduced to iron at 1050°C is in 
line with the behaviour of iron powder compacts, which show 
a decreased rate of densification at temperatures in excess
(191of 1000°G, compared with temperatures in the order of 900°C 
The increased expansion of the Conakry seems to be due to the 
destruction of the direct bond of the grains at the beginning 
of reduction, since there is no slag network present to 
restrict the expansions caused by the completion of reduction 
to magnetite, at a rate very much faster than in the tests 
where the specimen was reduced only to magnetite. On 
reduction beyond magnetite, instead of the overall specimen 
undergoing a contraction, it appears that the iron oxide and 
iron grains contract, so creating a specimen with very high
porosity.
It was found impossible to reduce Oxfordshire ore to 
iron at temperatures below 850°C. However, over the limited 
temperature range studied, the reduction was accompanied by a 
contraction, and the extent of this contraction was more than 
for either of the other reduction steps. There is a large 
increase in the amount of the contraction as the reduction 
temperature is increased. The fact that the compacts undergo 
no expansion is almost entirely due to the lack of reduction 
via the hematite/magnetite reduction step with the associated 
expansion. The sudden increase in the amount of contraction 
at temperatures above 900°G is thought to be due to the 
rigid slag network becoming plastic and so allowing the 
specimen to contract.
8.5*2. Compressive Strength Changes associated with the
Reduction to Iron
All the ores, with the exception of Conakry, showed a 
further decrease in compression strength after completion of 
the reduction to iron. Westbrook ' has studied the 
strength of iron at elevated temperatures, and found that it 
had a very low hot hardneas. The decrease in strength from 
that obtained with wustite is almost entirely due to the 
inherent softness of the iron, compared with wustite. The 
strength of Stripa ore, reduced to iron (Figure 51)9 shows 
that there is a considerable difference in the strength at
550 and 650°G, and that there is a slight maximum in strength 
at 950°0. The apparent high strength is thought to he due 
to the low volume expansion at 550°C, whilst the slight 
maximum at 950°0 is thought not to be due to change in 
expansion, but more likely due to the onset of resintering of 
the iron, especially when under the influence of the v 
compressive load during the strength test. It appears that 
the low strength of the Stripa ore after reduction to iron is 
because of a combination of low inherent strength of the 
iron and physical breakdown of the structure, especially 
during the rapid reduction from hematite to magnetite.
The influence of the expansion caused during the 
reduction of Kiruna to iron on the compressive strength of the
reduced compacts is readily seen in Figure 32. Since in all
cases above 650°C, the expansion associated with the reduction 
to iron are less than the corresponding expansions to wustite, 
it is concluded that the decrease in strength is almost 
entirely due to the low strength of the iron. Comparing 
the behaviour of Stripa and Kiruna, it appears that the
presence of a coherent slag in Kiruna has increased the 
strength, both by tending to reduce the amount of expansion, 
and also forming a. semi-rigid network, which will strengthen 
the specimen. However, when Stripa and Kiruna undergo 
similar expansions, such as at 550 and 1050°0, the strengths 
are very similar.
As with the reduction of Conakry to wustite, the 
reduction to iron is associated with a large volume expansion 
which causes the compacts to have negligible strength. The 
strength of the iron is such that even though the specimens 
have undergone less expansion than caused by reduction to 
wustite, the strength of the iron compacts is less.
Conakry specimens, which yielded continuously at temperatures 
above 550°C, were very friable at room temperature, with a 
severe tendency of the compacts to powder. Although 
reduction of Conakry was impossible below 750°C, strength 
tests were carried out at temperatures below this by 
reducing the specimens at 750°0 , and then decreasing the 
temperature to the testing temperature. Figure 37 shows 
that there was very little variation in the strength over 
the temperature range studied. The low strength of the 
compacts reduced to iron appears to be mainly caused by the 
excessive expansions, and, to a much lesser extent, on the 
low strength of iron at elevated temperatures.
As with the other reduction steps, the strength 
obtained with Oxfordshire ore is considerably higher than 
with the three high grade ores. The strengthening is due to 
the presence of a large volume of slag. Figure 34 shows 
that the compacts underwent brittle failure at temperatures 
below 850°0, and only above 950°C did the compacts 
plastically deform. With the three high grade ores, the 
temperature at which greater than 5% plastic deformation
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occurred was below 750°0. The curve of as-sintered strength
shows that the slag in the compact starts to undergo plastic
deformation above 900°C. The presence of a low strength
ductile material in the slag, i.e. iron, causes a slight
decrease in the temperature at which deformation will start,
and will tend to reduce the strength slightly. However, it
is thought that the main decrease in the strength of the
specimens is due to the increased porosity of the compacts.
The fact that the compacts during reduction to iron have
contracted more than on 33% reduction is a possible reason
for the increased strength of the iron compacts above 900°0.
However, although the large slag volume will strengthen the
reduced compacts, the fact that the compacts undergo only
slight changes in specimen dimensions will also have a
profound effect on the strength after reduction. That the
specimens undergo contractions rather than expansions, is
almost entirely due to the absence of the hematite/magnetite
reduction step. The relative importance of the effect of
large slag volume, and the absence of the hematite/magnetite
reduction step, on the reduced strength of the compacts is
not easy to determine. Considering the reduction of Kiruna
ore to iron at 750°C, the compacts undergo only a small
final expansion of 2.5%? and yet the strength is 5.5 kgs/mm ,
2compared with 14.5 Kgs/mm for Oxfordshire. This would tend 
to suggest that the large slag volume in Oxfordshire was 
causing the increased strength. However, it must be noted
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that the reduction ot Kiruna at 750°C to iron was more than 
likely accompanied by an expansion in the order of 11.5% 
after it had been reduced to magnetite. Although the 
specimen then contracted on further reduction, it is 
unlikely that slag bonds broken during the initial reduction 
would he healed during the contraction at relatively low 
temperatures. It is concluded that the presence of slag 
will increase the strength, by acting as a rigid network 
which will decrease the amount of structural damage caused by
(QQ\the reduction from hematite to magnetitev , and further, 
the presence of a slag network with low strength ductile 
iron will also increase the'strength after complete reduction.
The strengths obtained after the reduction of the 
three high grade ores correspond well with the results of 
other investigators^7?89?90,142)  ^ There is one signifi­
cant difference in the results and that is that most of the 
investigators report the minimum strength strength is 
obtained after reduction to wustite, and that on completion 
of reduction to iron there is increased strength due to the 
resintering of the iron produced. In most of the investi­
gations , constant reducing atmospheres and temperatures well 
above 900°C have been used, and the specimens were tested 
after various times. Under these conditions it is probable 
that the increased time to complete reduction to iron, and the 
use of high temperatures, increased the tendency for re­
sintering.
8.5*3* Structural Changes associated with, the Reduction
to Iron
According to the relative densities of hematite and 
iron, there should he a considerable contraction on reduction.
As with wustite, this contraction can take the form of 
internal porosity in the iron grains, increased specimen 
porosity, or decrease in the overall dimensions of the specimen.
Microscopic examination of compacts that had been reduced 
to iron showed that with Stripa, the iron produced at low 
temperatures was porous, whereas the iron produced at temper-- 
atures above 950°C, tends to consist of small, dense spheroids 
of iron, which have tended to sinter together. As shorn in 
photomicrographs (Figures 79-82) the increase in the porosity 
of the specimen is most significant at the high temperatures 
when the iron produced, is dense.
Examination of Kiruna specimens revealed that again at 
low temperatures, the iron produced is very porous with only 
a small increase in the porosity of the specimen, as shown in 
Figures 83 and 85* As with Stripa ore, the high temperature 
reduction produces dense iron with an associated increase ip. 
the specimen porosity, as shown in Figures 84 and 86.
Comparing the dense iron in Kiruna with that obtained from 
Stripa shows that the iron in Kiruna has undergone more 
sintering, so destroying the spherical structure, as shown 
by Stripa. Also, in a few areas, slag is seen'to be 
coherent with the reduced iron. As with Stripa ore, there
appears to be little difference in the structure of the iron 
produced by an all hydrogen or hydrogen/steam reducing 
atmosphere.
The structure of the iron produced from the reduction 
of Conakry ore consisted of very fine particles which only 
showed slight resintering at temperatures above 1000°C. The 
iron was so fine at 850°0 that if the specimen was not cooled 
down to less than 100°0 in a hydrogen atmosphere, then on 
removal from the furnace the iron was pyrophoric. X-ray 
diffraction analysis revealed that the iron had reoxidized to 
magnetite. It is interesting to note that the lattice para­
meter of this magnetite was similar to the standard, i.e. 
there was no alumina present. As with the previous ores, 
the use of a hydrogen only atmosphere had little effect on 
the structure of the iron produced, the reduction still being 
accompanied by very large volume expansions.
Figures 90-92 show the structure of Oxfordshire ore 
reduced to iron. The iron appears as agglomerates of small 
spherical particles set in the slag matrix. The slag is 
very coherent with the iron and there is slightly more re-r 
sintering at high reduction temperatures. Little difference 
was noted between the structure of the iron produced by the 
use of a hydrogen only atmosphere and the use of the hydrogen/ 
steam atmospheres; however, there was a slight decrease in 
the amount of contraction with the hydrogen, suggesting that 
the increased rate of reduction caused the decrease in the
X-ray diffraction analysis of the reduced ores was 
carried out to confirm the completion of reduction, and also 
determine the lattice parameter of the iron produced. The
olattice of all the irons produced was 2.87-4, which is in 
close agreement with the value quoted by Goldschmidt^^^ of
o2.861A. There was very little change in the lattice para­
meters of the slag phases during all stages of reduction.
As shown by the electron microprobe analysis, the slags 
contained varying amounts of iron oxide in solution. It is 
thought that the slags containing iron oxide will tend to he 
of a glassy nature, rather than crystalline, so that they 
will not be detected by X-ray diffraction analysis. The 
removal of the iron oxide in the slag during reduction will 
form crystalline compounds which are likely to have similar
structures to the phases present even in the as-sintered
(193 194)compacts. It has been shown by previous investigators' ’ y 
that positive identification of slag phases is difficult, 
mainly due to the lack of suitable standards. The lattice 
parameters of calcium alumino silicates are easily altered 
by solution of other phases, or slight changes in the 
proportions of lime, alumina and silica. In this investi­
gation, it was shown by electron microprobe analysis that 
even though the compacts had been subjected to sintering at 
elevated temperatures for 20 hours, there was still a 
tendency for the slags to be heterogeneous. This
contraction.
heterogeneity is thought to be the cause of a band on the 
X-ray diffraction photographs corresponding to interplanar 
spacings of 2.85 to 2.75A.
The present investigation has shown that strong- 
sintered compacts can be prepared from natural ores crushed 
to minus 150 mesh, providing the ores undergo no chemical or 
physical changes during the heating of the green compacts.
The presence of hydrates and carbonates in the ores tends to 
lead to physical degradation during heating. The presence 
of silica, as quartz, in the ore causes the green compacts to 
undergo an expansion on heating, which although not producing 
break-up of the compacts, causes the specimens to have a high 
porosity.
In the present investigation, the sintered compacts have 
been isothermally reduced using hydrogen/steam redt-v.ing 
atmospheres. Two series of tests have been carried out, 
the first, in which the reduction atmospheres were kept 
constant, and the second, in which the hydrogen/steam atmos­
pheres were altered so as to give stepwise reduction to 
lower iron oxides, and finally to iron. It is readily 
apparent that the conditions used in this investigation do 
not represent those present in the conventional blast furiiace. 
However, it is thought that predictions can be made as to 
the likely behaviour of the sintered compacts during
athermal reduction using carbon monoxide/carbon dioxide
( 9 4 )reduction atmospheres. Other investigators'^ ' have shown 
that when using carbon monoxide as reductant, the volume 
changes associated with reduction are generally slightly
9 * PRACTICAL SIGNIFICANCE OF RESULTS
larger than those obtained when using hydrogen as the 
reductant.
It has been established in this investigation that, of 
the three high grade ores studied, two suffered the largest 
changes in volume during the reduction of the hematite to 
magnetite; there being a tendency for the volume increase to 
reach a minimum at intermediate temperatures. A recent 
investigation*^in which vertical probes were sent down 
the stack of a commercial blast furnace which was operating 
with a burden consisting of 80% pellets and 20% lump ore, 
showed that most of the hematite will be reduced, to magnetite 
before the temperature has reached 600°C. To minimize the 
volume increase of the agglomerates during this stage of 
reduction, it is necessary to either decrease the reducing 
power of the atmosphere at low temperatures, or else 
institute the practise of charging hot agglomerates into the 
furnace, or decrease the height of the stack. All or any 
of these changes will cause the agglomerates to undergo the 
hematite/magnetite reduction at higher temperatures with 
less increase in volume and associated breakdown. It should 
also be noted that associated with the decrease in the volume 
expansion with reduction at intermediate temperatures, there 
is a corresponding increase in the compressive strength of 
the reduced compacts, although the maximum strength 
developed after reduction to magnetite is only approximately 
40% of the corresponding as-sintered strength.
245*
With the exception of Conakry ore, the high grade ores 
underwent a decreased expansion on further reduction to 
wustite and iron. The strength of the reduced compacts is 
very much decreased because of the inherent weakness and 
plasticity of both the wustite and the iron. A certain 
amount of strengthening can be produced by the presence of a 
relatively stronger slag network.
The effect of a relatively strong slag network, and 
the complete absence of the deleterious hematite/magnetite 
reduction step, are shown by the results of the tests with 
Oxfordshire ore. The reduction is accompanied by volume 
contractions, and the reduced compacts exhibit a good 
compressive strength. On economic grounds, it would not be 
possible to add sufficient lime to high grade ores to 
convert all the hematite to calcium ferrites, nor would it 
be economic to increase greatly the slag volume.
Besides altering the operating conditions of the blast 
furnace, so as to decrease the effect of the hematite/ 
magnetite reduction step, there is the possibility of 
producing agglomerates which have been partially reduced 
during the agglomeration process. When using magnetite 
agglomerates, it is necessary to have a fairly high porosity, 
so that the rate of reduction will be similar to that 
obtained with hematite.
1o• SUMMARY AND CONCLUSIONS
When considering the results of this investigation as 
a whole, it is evident that there is one stage in the reduction 
of iron ores which has a profound effect on structural and 
compressive strength changes that occur during the reduction. 
The most significant reduction step is the hematite-magnetite 
transformation. The presence of impurities, either 
dissolved in the iron oxide or forming slags, tend to alter 
the behaviour of the iron oxide present. If the hematite/ 
magnetite reduction step is absent from the reduction process, 
as in the reduction of calcium ferrites, then in association 
with a large slag volume the structural and strength changes, 
resulting from reduction, are greatly decreased,
CONCLUSIONS
1. The presence of quartz, hydrates or carbonates in 
the as-received ores caused difficulties in the production of 
strong compacts with a sintered porosity of approximately 12%, 
because of increase in volume caused by the transformation of 
quartz to tridymite, and the evolution of water vapour and 
carbon dioxide during the heating to the sintering temperature 
caused the compacts to crack, and these cracks were not healed 
on sintering at high temperatures.
2. With Stripa, Kiruna and Oxfordshire ores, the 
compacts were generally slag bonded, and a sintering 
temperature in the order of 1220°C was necessary to obtain
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the required physical properties. However, Conakry contained
/
only a small amount of slag, and so the bonding was of the 
direct oxide type, which necessitated a sintering temperature 
in excess of 1300°C.
3 . The main iron-bearing materials in both Stripa and 
Kiruna was hematite, which contained very little, if any, 
dissolved impurities. In Conakry, the hematite present
was shown to contain approximately 11% alumina in solution, 
whilst the main iron-bearing phases in Oxfordshire ore were 
calcium monoferrite and dicalcium ferrite.
4. The compressive strength of the as-sintered ore 
compacts was the same, but slightly lower than for pure 
hematite. In all cases, the compacts failed in a brittle 
manner at temperatures below 900°C. Above this temperature, 
the compacts underwent plastic deformation with an associated 
decrease in strength. Both Stripa and Oxfordshire compacts 
showed a slight increase in strength with the onset of 
plastic deformation. It is thought that this effect is due 
to the presence of brittle glass phases present in the slag 
becoming plastic, and so not causing premature brittle 
failure of the compacts due to initiation of cracks in the 
brittle glass phases.
5. The isothermal reduction of the ores in hydrogen/ 
argon atmospheres revealed very little difference in the rate 
of reduction of the three high grade ores at 1050°C, and 
that the differences in reduction behaviour were more
significant at low temperature reduction (550°C). The 
increased reduction time for Oxfordshire ore at high temper­
atures is due both to the large volume of slag present 
acting as a diffusion barrier, and the fact that the reduction 
was accompanied by a volume contraction and negligible 
cracking, which further decreased the efficacy of the 
reducing atmosphere,
6. Increasing the partial pressure of hydrogen in the 
reducing atmosphere at 550°0 causes an associated increase in 
the reduction rate, whilst varying the gas flow rate can 
induce the reduction to proceed only very slowly beyond 
magnetite. With Stripa and Kiruna the gas flow was 1-J litres/ 
minute, whilst with Conakry a gas flow of 3 litres/minute 
caused the reduction to proceed beyond magnetite slowly.
This effect is thought to be due to the increase in the 
concentration of steam, produced by reduction, at the 
reduction interface, caused by poor purging by the decreased 
gas flow passing the specimen. With Conakry ore, the 
presence of alumina in the magnetite increases the adsorption 
of the steam, so requiring a much greater gas flow to remove 
the steam.
7* The isothermal reduction of the ores in a 75/25 
hydrogen/steam atmosphere showed that at 1050°C, and at 
550°C, the reduction stopped after the production of iron 
and magnetite respectively. According to the Fe-0~H 
equilibrium phase diagram, the reduction at 750°0 should
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produce Iron; this occurred with Stripa. However, with the 
three other ores the reduction tended to reach equilibrium 
after 33% reduction, corresponding to the formation of 
wustite. This effect is due to the presence of slag, acting 
as a diffusion barrier, and so increasing the concentration 
of steam at the reduction interface, to such a value that 
wustite is the equilibrium product.
8. The rate of reduction of the compacts in both 
reduction atmospheres can be expressed by the equation
R = K # + c
where R - % reduction, t = time (minutes),K and c = constants.
9. Determination of activation energies for the overall 
reduction processes showed that with Conakry the activation 
energy increased as the reduction proceeded, that with both 
Kiruna and micaceous hematite concentrate the activation 
energy changed In the temperature range 700-800°C, whereas 
with Stripa it was constant. These tests also showed that 
only Kiruna ore had any tendency to have a decreased rate of 
reduction in the temperature range 650-750°0, due to the onset 
of sintering of the iron produced by reduction. At temper­
atures below 700°C, Conakry was very difficult to reduce 
beyond magnetite, due to the presence of alumina in solution, 
and Oxfordshire was also difficult to reduce at low temper­
atures, because of the slag acting as a diffusion barrier.
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10. Under conditions employed in the present investi­
gation, the reduction of the hematite in the three high 
grade ores is accompanied by a large apparent increase in 
volume. The actual amount of expansion varies for each ore 
and is dependent on the reduction temperature. The apparent 
increase in volume is caused by the formation of internal 
cracking, and at low temperatures is also due to the 
formation of very small spherical pores in the magnetite. 
Above 750°C, the magnetite is less porous, and so most of the 
expansion is associated with internal cracking. The 
presence of a slag in Kiruna, which is coherent with the 
magnetite, tends to decrease the amount of expansion except 
at high temperatures..
11. The growth of the magnetite from hematite graips 
during reduction is topochemical on the macroscopic scale
at all temperatures, and tends to be topochemical on the 
microscopic scale with reduction below 750°C. The growth 
pattern at higher reduction temperatures consists of pointed 
growths of magnetite which grow from the surface of the 
hematite grains undergoing reduction along certain preferred 
directions.
12. When Oxfordshire ore was reduced 11%, this was 
accompanied by a volume contraction and sn increase in the 
amount of dicalcium ferrite present.
15* The compressive strength of compacts of the 
three high grade ores shows a marked decrease in strength
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after reduction to magnetite. A maximum strength is 
obtained in the temperature range 750-850°C, where the 
strength is approximately only 40% of the as-sintered strength. 
This decrease in strength is a result of the severe 
structural changes, and differences in the strength are due 
to variations of the amount of expansions. Oxfordshire, 
with its accompanying contraction, only shows a very slight 
decrease in strength after reduction.
14. Stripa and Kiruna ores, on reduction to wustite, 
both undergo an increase in volume, which is, however, 
generally less than the equivalent expansion on reduction to 
magnetite. With low reduction temperatures, the wustite 
produced is very porous, whereas at high temperatures, the 
wustite is dense and there is an increase in the porosity of 
the specimen. The decreased expansion of the Kiruna. is 
thought to he due to the slag which remains coherent with the 
wustite. The reduction of Conakry is associated with a 
greatly increased volume expansion. This is thought to he 
due to the absence of a slag which tends to decrease the 
expansion, and that the greatly increased rate of reduction 
to magnetite will cause increased strain and stresses, 
compared with reduction that takes 6 hours to reach magnetite. 
These three ores, therefore, undergo expansion during the 
reduction to magnetite, followed by a contraction during the 
further reduction to wustite. The fact that the expansion is 
so large means that even after some contraction, the reduced
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compacts reveal a volume increase.
15. The compressive strength of the ores reduced to 
wustite is significantly lower than the as-sintered strength, 
and the ore compacts underwent plastic deformation at 
temperatures in excess of 750°G. The decrease in strength 
of Kiruna and Stripa ores is caused by the structural changes, 
and also the presence of wustite,which has been shown to have 
limited strength and readily undergoes plastic deformation
at temperatures above 700°C. The negligible strength of 
Conakry is due to the very large structural changes.
Oxfordshire ore again shows higher strengths than the high 
grade ores, mainly due to the lack of large structural 
changes associated with the reduction of hematite to magnetite. 
The presence of weak ductile wustite in the reduced 
Oxfordshire compacts causes the specimens to undergo plastic 
deformation at all temperatures above 650°C, whereas, in tfye 
as-sintered compacts, the specimens only underwent plastic 
deformation above 990°G.
16. The complete reduction of the ores to iron is 
accompanied by a decrease in volume compared with the volume 
after reduction to wustite. Both Stripa and Kiruna specimens 
show a small final expansion, whereas Conakry specimens still 
exhibit a large expansion. As with the reduction to wustite, 
the reduction should be associated with a contraction. The 
expansions produced are, therefore, due to the structural 
changes that occur during the reduction to magnetite, and the
specimens then undergo some contraction on further reduction 
to wustite and iron. Oxfordshire specimens show a moderate 
contraction on complete reduction, with the amount of 
contraction increasing at high reduction temperatures. In 
all cases, the iron produced at low temperatures tended to 
he very porous, whereas the iron produced at high temperatures, 
above 950°C, consisted of dense spheroids of iron which 
tended to sinter together. The iron produced from Conakry 
had the least tendency to sinter together, and the iron 
spheroids were much smaller.
17. The compressive strength of Conakry reduced to 
iron was again negligible. Both Stripa and Kiruna, although 
suffering decreased final expansions, had low strength, being 
only approximately 20% of the as-sintered strength. The 
presence of ductile iron allowed the specimens to undergo 
plastic deformation at moderate temperatures. Oxfordshire 
ore, after complete reduction, showed a strength in the order 
of 50% of the as-sintered strength, but again underwent 
plastic deformation at moderate temperatures due to the 
presence of iron. For all the reduction steps, the 
increased strength of Oxfordshire is due both to the lack of 
structural damage due to reduction to magnetite, and the 
presence of a large volume of brittle slag. When the 
specimen contains amounts of ductile phases, i.e. wustite and 
iron, the Oxfordshire compacts undergo plastic deformation 
but still show high strength.
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18. The silica is Stripa ore is both as descrete 
grains of silica and also forms complex calcium silicates, 
as well as the possibility of glass phases. The silica 
grains in the form of quartz cause an expansion on heating, 
hut after conversion to tridymite appear to have little 
effect on the reduction behaviour. The presence of glass 
in the slag decreases the as-sintered strength, and because 
of the lack of coherency between the slag and the reduced 
oxides, the compacts readily undergo cracking and expansion 
during reduction.
19. The impurities associated with Kiruna form a 
slag which consists of calcium silicates and calcium 
phosphate (apatite). This slag generally remains coherent 
with the reduced oxides, so decreasing the amount of expansion 
on reduction. The coherency of the slag causes the 
reducing atmospheres to he slightly richer in hydrogen than
in the equivalent atmospheres for Stripa ore.
20. The main impurity in Conakry ore is alumina, 
which has been shown to be practically all in solution in the 
hematite, and is also soluble in the magnetite. The 
hydrates of iron and alumina caused difficulties in the 
production of sound compacts. The presence of alumina in 
the magnetite causes the reduction to proceed to wustite and 
iron with difficulty at temperatures below 850°C. Since the 
compacts contained very little slag, as soon as the hematite 
bonding was broken by reduction, the specimens easily under-
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went cracking and volume expansion. The presence of alumina 
increased the tendency for steam to be adsorbed on the 
magnetite, so requiring higher partial pressures of hydrogen 
to give the required reduction to wustite and, especially, 
iron. However, reduction to magnetite proceeded with only 
small amounts of hydrogen present in the hydrogen/steam 
reduction atmosphere.
21. Oxfordshire ore differs from the three high grade 
ores in two important ways. Firstly, there are a greater 
amount of impurities, which form slag, and secondly, the 
presence of calcium carbonate which, with any hematite present, 
forms calcium ferrites on sintering, so that no hematite 
remains in the as-sintered specimens. Since the reduction 
rates of calcium ferrites are similar to hematite, the decrease 
in the rate of reduction of Oxfordshire is due to the 
presence of a large volume of slag. No severe structural 
changes are associated with the reduction of calcium ferrites, 
so that the reduced uncracked compacts exhibited a higher 
strength than obtained with the three high grade ores. In 
this investigation, it has been shown that under the experi- 
mental conditions, wustite is stable in the presence of lime. 
However, the investigation has confirmed that the reduction 
of calcium monoferrite Is by the formation of dicalcium 
ferrite and wustite, which are then both reduced directly to 
iron.
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The present investigation has studied the reduction 
behaviour of four iron ores, using hydrogen/steam reduction 
atmospheres. This was done in order to eliminate some of 
the complications associated with reduction by carbon 
monoxide, such as carbon deposition and carbine* is at ion of the 
iron. It should be possible, using the results of this 
investigation t® act as a reference, to determine the effect 
of carbon monoxide reduction on the physica.1 and mechanical 
properties of ore compacts. The results of the proposed 
investigation would represent the conditions in the blast 
furnace much more closely, than is the case with the present 
investigation.
To determine more closely the behaviour of ores in 
reducing conditions similar to the blast furnace, it is 
necessary to replace the Isothermal reduction tests utilized 
in the present and proposed investigation by athermal 
reduction tests, coupled with the variation of the reduction 
atmosphere as the temperature increased. It would more than 
likely be necessary to determine the behaviour first with 
hydrogen as the main reductant, and later extended to 
reduction by carbon monoxide*
Interest has recently been shown in the production of 
metallized agglomerates, to be used as a feed to the blast 
furnace, and also to be used directly in the steel making
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processes. Whilst the present investigation has studied the 
reduction of sintered ore compacts, the behaviour of green 
compacts being heated under reducing conditions, would be of 
interest in determining both the amount of reduction and also 
temperature of firing that would give the best metallized 
compact, and to determine the effect of impurities on these 
conditions and properties.
The present investigation has shown that slags present 
in ores have properties which are significantly different 
from those of synthetic slags, which are normally of only one 
phase. The presence of glassy phases appear to have a 
considerable bearing on the strength of the slags. A further 
important property of slag appears to be the slags coherency 
with the various iron oxides. It is suggested that a study 
of the mechanical properties of slags whose composition is 
the same as is found associated with iron ores. By means 
of adJitions to the ores in the present investigation, it 
should he possible to confirm any improvements in the 
properties of a particular type of slag, and to determine 
the feasibility of making additions to the natural ores.
Finally, in this investigation, due mainly to the small 
grain size, it was impossible to determine the crystallo­
graphic direction of preferred growth of the magnetite 
produced by high temperature reduction of hematite. It is 
suggested that by studying the reduction, either of single 
crystals, or much greater grain size than, used in this
2 5 8 .
investigation, it should he possible by microbeam X-ray 
techniques, fe chJr-trwimS, tfk. Cmp hi UoarctjphiG. U
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The chemical compositions of some typical concentrates 
employed in iron ore pelletizing have been summarized in 
Table A.1., and those of fired pellets in Table A.2.
TABLE A.I.
Chemical Composition of Concentrates used in Pelletizing
Concentrate Chemical Composition %
Total Pe90v SiOp A1P0^ CaO MgO Total 
17~ Gangue
(Appr.) 
%
0.16 . 1
94.0 4.0 0.6
8.84 1.45 0.08 0.57 11
0.52  1
3° 31 >4
8,5 . >9
9.0 0.6 10
3*7 0.52 4
7*32 1.93 *27 °5 10
8.98 4.42 0.3 0.29 14
m "I"*!"Pe Pe
Malmberget 20.2 7 1 .8
Sierra Leone 66.0
Mesabi
Magnetite 19*0 63.2
Eastern
Magnetite 23*9 71*3
W.African 
Specularite 1*5 67.4
Mesabi
Limonite 0.3 57.4
Jaspilite 19.7 64.3
Wabush Lake 65*5
Specular
Hematite
flotation
concentrate 61.9
Natural
Magnetite 60.3
TABLE A.2.
Chemical Composition of Commercial Pellets
Typ© of 
Pellet
Malmberget 
Carol Lake 
ICiruna 
Marcona
Reserve
Northants Sand
Ironstone
Vabush
Lake
Taconite
Specular
I-Iamatite
1) Pired 
1320°C
2) Pired 1400°C
Jaspilite
" + 1% 
Ca(0H)2
n + 1% 
Ca(0H)2
" + 14% '
CaCO-ra
Chemical Coiiposition %
Fe++ Total Pep0, SiOp Alp0, CaO MgO Total 
Pe 0 0 G-angue(Appro.) %
0.41 68.6 96.0 0.59 0,35 0,48 o • o 3
0 65.0 92.9 5*3 0.3 0,62 0.65 7
67.0 1.9 0.45
68.0 0.5 0,2to to to 0.35 0.5 3
70.0 1,5 0.7
0.37 63.3 8.0 0.5 0.4 0.6 10
12*4 35.2 11.5 7.5 6.9 >25
65.0 3.62 0.32
63.2 7.5 0.17
0.5 61.1 1 0 . 8  1 . 0 1  0 . 1 5 12
3.1
2.5
3.7
61.1
63.0
62.4
10.7 0.99 0.13 12
8 . 8  0 . 6  0 . 1  0 . 1  10
8.8  0 .6  1 .0  0.1  11
0.8 55*4 9.1 0.8 10.3 0.4 21
APPENDIX B
TABLES OF EgERIMENTAL RESULTS
The experimental results relating to reduction rate 
determinations? the apparent volume changes and the 
compressive strength .changes associated with reduction, are 
presented in the following Tables 1-33*
2 7 4 .
TABLE B.1.
Reduction of Stripa Ore
1/9 Hydrogen Argon Atmosphere
Time (mins.) % Reduction
1050°0 750 °0 550°C
5- 14.3 7.4 2.9810 27.2 14 .5 8.015 39-8 20.6 10.020 54.0 26.2 11.3
25 64 ,• 2 30.8 12.530 71-9 35*8 13-135 78.5 39-9 13-940 83.6 43-9 14.8
45 87*6 47*6 15-650 90.3 50.8 16.2
55 92.4 54 oO 17-060 93*8 57-2 17-570 95-6 63.2 19-180 96.3 68.6 21.4
90 97.1 73.2 23-2100 97-7 77-4 24.3110 97*9 80.8 26.2120 98.0 84 oO 27-5130 98.2 86.1 28.8140 98.3 88.0 30.4150 98.7 89:7 31-7160 99-0 91.1 32.7170 99-2 91.8 33-5180 99*2 92.3 34.5190 - 92.7 35-6200 - 93-0 36.8220 - 93-3 38.9240 - 93-5 40.8260 - 93-9 42.6280 — 94.1 44.6
300 ~ 94 0 3 46.5
320 - 94.5 48.3340 - 94.6 49-7360 - 94*7 51-1380 - 94.8 52.3400 - 94.9 53-6
275.
Reduction of Stripa Ore at 550°0 
1/9 Hydrogen/Argon Atmosphere 
Flow Rate c. c. s/min •
TABLE B. 2.
Time (mins.)
3000 1500 3000
mins
for 2< 
. then
5 2.98 1.65 5*6310 8.0 8.11 10.9
15 10 :0 10.7 11.120 11.3 11.3 11.9
25 12.5 11.7 12.730 13*1 11.9 13.8
35 13.9 11.9 14.740 14.8 11.9 15:7
45 15 .6 11.9 16.650 16.2 11.9 17*8
55 17 .0 11.9 18.660 17^5 11.9 19.3?o 1 9 . 1 11.9 20.980 2 1 .4 1i;9 22.390 23.2 11^9 23° 7100 24:3 11.9 25.5120 27.5 11.9 28.9140 30.4 11.9 3 2 : 1160 32;7 11.9 34 0 2180 34.5 11.9 36.7200 36.8 11.9 41.0
205 — 40.7210 — ... 4016
220 38.9 M. 40.5240 4016 — 40.4
260 42.6 — 40.4280 44^6 — 40.4
300 46 #5 — 40.4320 48.3 40.4340 49.7 - 40.4360 51.1 40.4380 52.3 - 40.4400 53.6 - 40.4
1500 for 200 
mins.then 30Q0
1.62
8.10
10.6
11.2
11.25
11.4
11.5
11.5 *
11.5
11.5
11.5
11.5
11.5
11.5
11.5
11.5 11.55 
11.57
11.6
11.7
11.8
12.7
13.7 
15 .6
19.5
23.6 26.0
28.4 
32.034.3
36.5
38.6
40.4
2 7 6 .
TABLE Bo 5 .
Re duotion of Kiruna D Ore
1/9 Hydrogen/Argon Atmosphere
Time (mins.) % Reduction
1 0 5 0 ° 0  7 5 0 ° 0
5 7 * 7  1 . 2
10 15*5 6.0
15 23 o1 9.1
20 30.1 11.9
25 37*0 14.1
30 43*4 16.0
35 49-9 18.140 54.9 20.0
45 61.1 21.750 66.2 23.4
55 70.0 24.6
60 74.7 26.670 83.1 29.5
80 89.6 32 .390 94.4 35.0
100 97.7 37-5110 99.9 40.1
120 99.9 42.4
130 - 44.7140 - 46 .*8
150 - 48.6
160 - 50.4
170 - 52.2
180 - 53.8
190 - 55.4
2 0 0  -  5 6 : 9220 - 59.8
240 - 62.4
260 - 65.2
280 - 67.7
300 - 70.0
320 - 71.9
340 - 73.7
360 - 75*5380 - 77.2
400 - 78.7
550°C
0*2
0 , 9
2.1
3.1 4.0
4.8
5.5
6 . 2
6.8
7.6 
8.3 
8.9
1 0 .2
11.5
12.8
14.0 
15.2
16.3
17.3 
1 8 : 2
19.2
20.2
21.322.4
23.4
24.4
2 0 : 2
28.0
29.731.5 33.2 
35.0
36.8 
38.7 40.4 
41.9
277.
TABLE B.4.
Reduction of, Kiruna. .D Ore at 550°Q
1/9 Hydro gen/Arg-on Atmosphere
le (mins.) Flow .Rate c.c.s/min •
1500 3000 6000
5 0.1 0.2 0.410 0.2 0*9 1-5
15 0.5 2.1 2.720 0.8 3- 1 4.0
25 1.1 4^0 5.130 1.8 4.8 5-8
35 3.0 5*5 6.540 4.5 6; 2 7.6
45 5.5 6a 8 8.650 6.5 7-6 9-6
55 7.0 8.3 10.560 7.2 8J9 11.470 8.0 10.2 13-080 8.9 11 *5 14.6
90 9-5 12.8 16.4100 10.0 14.0 17-8120 10.9 16.3 20.4140 11.4 18.' 2 23-1160 11.9 20*2 25-7180 12.2 22.4 28.0200 12.4 24.4 30.3220 12.8 26.2 32,4240 13*1 28.0 34.7260 1p04 29-7 37-0280 13.8 31-5 39-3
300 14.1 33-2 41:7
320 14.4 35-0 44.0340 14.7 36.8 46.3360 15.0 38.7 48:5380 15-2 40.4 50.4400 15-4 41.9 52.2
2 7 8 .
Reduction of Conakry and Kiruna D Ores at '550°6 
Hydrogen/Argon Atmosphere, 3000 c.c.s/min.
TABLE B.5.
Conakry Kiruna D
Time (mins.) pHg 0,1 pli2 0.5 pH2 0.1 pH^ 6.5
5 0.0 7.9 0.2 2,310 6:67 14.4 0.9 4.0
15 11.9 15*3 2.1 6.520 13.3 16.0 3*1 8:0
25 1 3 .6 16:7 4.0 9.630 13.7 17*2 4.8 12.4
35 13*8 17*8 5.5 14.540 1 3 .8 18.3 6. 2 16.1
45 13.85 18.7 6.8 18.050 13° 85 19.1 7*6 20.0
55 13*9 19.5 8.3 21.460 13*9 19*9 8.9 23.0
70 13*97 20.3 10 .2 25.480 14,0 2 1 .0 11:5 29.090 14.0 21.7 12 .8 32.0
100 14,0 22,5 14.0 34.6
1 10 14.05 23*1 15*2 36.9
120 14.05 23*6 1 6 : 3 39*5130 14.07 24.2 1 7 . 3 42.0140 14.1 24.9 18.2 44.5150 14.1 25.5 19*2 47.0160 14,1 25,8 20.2 49*5
170 14.15 26.2 21.3 51.0180 14,15 26.6 22.4 52.5190 14.2 27.0 23.4 54.0200 14.2 27.4 24,4 55*5220 14.25 28,2 26.2- 58.7240 14.25 29.:0 28 :o 61.5260 14.3 29*6 29.7 64.5280 14.3 30.1 31*5 67*5300 14.3 30.5 33*2 69*8320 14.3 31.0 35*0 72.9340 31 * 5 36:8 75*1360 - 31.6 38.7 77*2380 - 31*8 40.4 79*2
400 31*9 41.9 80.7
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Time (mins.) % Reduction
TABLE B.6.
Reduction of Conakry Ore
1/9 Hydrogen/Argon Atmosphere
1050°C 750 °o 620 °C 550°0
5 11.7 9.46 7.77 0.0
10 2 1 .8 15 .8 13*6 6.67
15 32.8 19*7 14.2 11:9
20 42.5 23.1 15 .0 13.3
25 48.8 26.2 15 .6 13 .630 55.9 28.7 16.1 13.7
35. 63*0 3 1 .6 16.5 13 .840 68.5 33.7 16.8 13*8
45 73*6 35.5 1 7 . 2 13.8550 77*9 37.4 17*6 13*85
55 8i;a 39*0 18.0 13*960 85.3 40.5 18.5 13.970 90.6 43.1 19*4 13.9780 94.0 45.3 20.2 14.090 95.1 47*1 20.9 14.0
100 95:9 48.6 21.7 14.0
1 10 96.3 50.0 22.4 14.05
120 96^9 51*1 23.1 14.05130 97*1 52.0 23*7 14.07140 97*2 52.6 24.2 14.1
150 97*4 53*2 24,7 14.1160 97*9 53*8 25.1 14.1
170 98.1 54.4 25.'7 14.15180 98o 3 54.9 26.1 14.15190 98.5 55*3 26.5 14.2
200 98.7 55.8 27*0 14.2
220 98.8 56.6 27*7 14.25240 98.9 57*3 28.5 14.25260 99:o 57*9 29:2 14.3280 99.0 58.8 29.9 14.3
300 99.0 59*4 30;7 14:3
320 - 60.0 31^5 14.3340 _ 60,5 32.2 -
360 61.1 32,9 —
380 — 61,7 33*6 —400 - 62.3 34.2 -
280.
TABLE B.7»
Reduction of Conakry Ore at 550°0
1/9 Hydrogen/Argon Atmosphere
Le (mins.) 
5
1500
0.3
Flow Rate c.c 
3000 
0.0
.s/min.
6000
1.3
10 3.1 6.67 5.08
15 6.6 11.9 8.67
20 9.8 13?3 11.4
25 11.9 1 3 .6 13.130 13.3 13-7 14.0
35 13.7 13^8 14.540 13-9 1 3 .8 14.8
45 13.9 13^85 15 .050 14.0 13.85 15 .2
55 14.0 13-9 15.560 14.1 13.9 15 .870 14.1 13.97 16.480 14.1 14.0 17 .0
90 14.1 14.0 17 .6
100 14.1 14.0 18.1
1 10 — — 18.5
120 — 19.'0
130 - 19.4140 - - 19.7150 - — 20.0160 - — 20.3
170 — — 20.6180 - — 20.85190 - - ' 2 1 . 1
200 _ — 21.4
220 *- 2 1 .8240 - 22.2260 - 22.7280 _ — 23.2
300 - — 23.7
320 - - 24.2340 - — 24,7
360 - _ 25.1
380 - 25.6400 - — 26.0
281.
TABLE B.8.
Reduction of Oxfordshire Ore
1/9 Hydrogen/Argon Atmosphere
Time (mins.) % Reduction
1050°0 750 °C 620 y 550 °o
5 7*4 1.30 0 . 1 OiO
10 15 .8 2.55 0.70 0.0
15 22.2 3«18 1 . 2 2 0 . 1
20 26.6 3-98 1.40 0 . 1
25 30,6 4.89 1.57 Oil
30 34.6 5.54 1*75 0 . 1
35 38.3 6.05 ©80 0 . 140 41.7 6.53 1.'85 0 . 1
45 44.9 7.00 1:89 0 . 150 47 *6 7*48 1 .92 0 . 1
55 50.4 8 .12 2.01 0 . 160 52.8 8.76 2*10 0 . 1
70 57*0 10 .0 2.27 0 .180 61.2 1i;3 2.45 0 . 1
90 64.4 12;4 2.62 0 . 1
100 67-3 13*5 2.“89 0 . 1
1 10 70.2 14.5 3.04 u
120 72.9 15 .6 3*25 0 . 1
130 75.6 16 :6 3*54140 78.1 17 .5 3*84 0,1
150 80.3 18.3 4:01160 82.2 19.1 4:19 0.1
170 84.0 19.9 4.41180 85.6 20.7 4.63 0.1
190 87*7 21.6 4.85 -200 89.2 22.6 5*07 0.1
220 91.3 24.2 5.42 0.1240 93.2 25.5 5.77 0.1260 94.6 26.6 6.12 0.1
280 95.9 27.5 6.48 0.1
300 97.1 28.2 6.84 0.1320 97.6 29.1 7.20 0.1
340 98.3 30 .1 7*56 0 : 1360 98.9 31.1 7.92 0.1380 99.3 32.0 8l28 0.1400 99.6 33*0 8.64 0 . 1
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TABLE B.9
Reduction.of Stripa Ore
75%/25% Hydrogen/Argon Atmosphere
Time (mins.)
1050°C
% Reduction 
750°0 550°0
5 23*9 16.6 9.7
10 28-6 22.5 10.7
15 34:6 24.7 11 . '0
20 48.0 34.1 11;3
25 64.1 40:2 11.450 75-1 53.1 11.‘ 4
35 77*8 65.7 11:440 84.5 73*0 11^4
45 90.'1 80.4 11.450 91-6 85.5 11:4
55 93:3 88.8 11.460 94.9 91.9 11^4
70 97 .“1 94.8 11.'480 99*1 97*5 11.490 99? 3 98.5 11:4
100 99 *4 98 .*6 11.4
1 10 99.5 98.7 11.4
120 99*5 98.8 11.4140 99:5 98,9 11.4160 99.5 99.0 11^4180 99.5 99.1 11.4
200 99*5 99.2 11.4
220 - -240 - -
260 - -
280 ... - -
300 - - —
320 - — —
340 _ — —
360 — — —
380 - — ~
400 - - —
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TABLE B. 10
Reduction of Kiruna D Ore
75%/25% Hydrogen/Steam Atmosphere
Time (mins.) % Reduction
1050°0 750°0
5 19.3 3.9110 28.3 6.47
15 42.9 8.30
20 74.3 9.6425 81.8 10.8
30 88.1 11;8
35 96.9 12.940 99.9 13.9
45 99.9 14.8
50 99-9 15.755 99.9 16.1
60 99•9 16.9
70 99-9 19.180 - 20.6
90 - 21.6100 - 22^8
110 - 23.7120 - 25.0130 - 26.2
140 - 27^3150 - 28.1
160 - 28.7170 - 29.2
180 - 29«8
190 - 30.3200 - 30.8
220 - 31.5
240 - 32.0
260 - 32.5280 - 32.8
300 - 33-1320 - 33.3
340 - 33.3
360 - 33-3
380 - 33.3
400 - 33.3
550 °0
0.49I.34 
3.28
5.71 
8.02
8.71 
9.11 9.96 
10.1 
10.2 
10.4 
1 0 : 7
II.0 
11.3 
1 1 ^ 5  
11.6 
11.6
11.7
11.8
11.9
11.9 
12.0 
12.0 
12.0 
12.0 
12.0
284.
TABLE Bo 11
Reduction of Conakry Ore
75%/25% Hydrogen/Steam Atmosphere
Time (mins.)
1050°0
% Reduction
750 °0 550°0
5 26.4 16,0 11.4
10 36.8 16,6 13:9
15 48,3 17^ 14.2
20 56.5 17.5 14:2
25 63.9 17.9 14.230 70.3 18:2 14.25
35 73.7 18,5 14.440 79.0 19 .0 14^6
45 84.2 19.3 14.850 85.9 19.5 14.95
55 86.5 19 .6 15 .060 86.7 19 .8 15-170 87.3 20.2 15.380 88.4 20l7 15.490 88.8 2 1 :0 15:4
100 88.9 21.4 15.4
1 10 89.1 21J7 15.4
120 89.3 22.0 15.4
130 89.4 22.3 15:4140 89.5 22.6 15.4
150 89.55 22.9 15.4160 89.6 23 :2 -
170 89.63 23.5 -180 89.66 23:7190 89.7 23.9 -
200 89.8 ' 24:0 —
220 89.8 24.1 —
240 89.8 24.3 -260 89.8 24.5 -280 89.8 24.6 —
300 89*8 24,8
320 - 25:0 -
340 - 25.1 -
360 - 25.2 -
380 - 25.3 -400 -■ 25.4 -
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TABLE B. 12
Reduction of Oxfordshire Ore
75%/25% Hydrogen/Stf3am Atmosphere
(mins.) % Reduction
1050°0 750 °C 620 °0
5 15.7 4.57 0.15
10 20.9 7.02 0.30
15 25.6 8.50 0^45
20 30.1 1 0 : 1 0:55
25 32.8 1 1 : 4 0^7050 39.2 1 2 .4 0.80
35 43.8 13.4 0.9040 47.5 14;7 0.97
45 50.3 15.5 1.0050 52.0 16.2 1:05
55 53.4 16.7 1.1060 55.8 17*2 1.35
70 60.9 18.6 1.7080 . 64.7 19.9 1.8590 66 7 20:7 ©95100 70.8 21.4 2.05
110 72.9 21.9 2.31120 74.7 22.7 2:54130 75*9 23.5 2.80140 77-3 23:9 2.97150 78.5 24.1 3.05160 79.7 24.3 3.30170 80.7 24:5 3.50180 81.4 24.8 3.63190 82.2 25.1 3.90200 82.9 25:5 4.13220 84.0 25.’8 4^62
240 84.6 26.1 5.28
260 85.1 26:3 5.61280 85.5 26.5 5.94
300 85.9 26^5 6J15
320 86.9 26.6 6.45340 87*4 26.6 7:00
360 88.0 26.7 7*45380 88.5 26.7 7? 95400 89.0 26.8 8.25
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TABLE B.13
Reduction of Stripa Ore
Hydrogen Atmosphere
500°C 550°C 600 °C 700°C 800°C 900°C 1000°C
%reduction Time (mins.)
50 155 38 21.3 13.5 7*8 5.5 4
75 322 143 40.8 23 15 10 880 385 163 46.5 27 16.8 11.5 9
85 455 186 52.8 30 19' 13*3 10 .390 -- 215 61.3 34 21.5 15.3 11.8
95 - 275 72 39 25.5 18.5 13
TABLE Bo 14
Reduction of Kiruna D Ore 
Hydrogen Atmosphere
500°C* 600°C . 700°0 800°C 900°0 1000?C
%
reduction Time (mins.)
50 435 60 47.3 30.5 15-5 5.5
75 — 124 108 72 32,8 11.580 — 151.8 129 85 - 5 37*8 13
85 183.3 152.5 101 44' 15
90 236 185 124 51.5 17.8
95 - 305 234 157 62 20.3
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TABLE B . 1 5
Reduction of Conakry Ore 
•en Atmosphere
°A
500°C 600°0 700 °G 800 °0 900 °o 1000 °<
yo
reduction Time (mins.)
50 15% 33% in 410 in 460 53*5
14 10 .8 4.5
75 . . .  ~ 400 179 26.8 880 —  — - 315 39*3 9
85 -  - - - 58.5 10.590 —  - -  . 98 13.3
95 - -- - 235 17 .8
TABLE B. 16
Reduction of Oxfordshire Ore 
Hydrogen Atmosphere
o/ 500 °C 600 °C 700 °C 800 °C 900 °0 1000 °</oreduction Time (mins.)
8.1% 15%50 in 400 in 305 375 64 24 0 3 9
75 — 173 63 22.880 — - — 217*5 73 26.8
85 - 275 86 32.590 — - - 348 103*5 39.3
95 *— — — 438 132 49.3
TABLE B.17
Reduction of Micaceous Iron Oxide
Hydrogen Atmosphere
% 500 °0 600 °C 700 °0 800 °0 900 °C 1000°<
reduction Time (mins »)
50 359 44.8 14 1 1 10 9*575 86 28' 18.5 18 16.880 — 96 32.5 21.5 21 18.585 — 1 1 1 37.8 23.5 24 20.890 — 130 46 25*5 27.8 23*3
95 - 160 65 29*3 34 27
TABLE Bo 18
Effect of Temperature on the Compressive 
Strength of Stripa Ore
Temperature
°0
Nature of Failure
20
177
320
410
510
605
700
800
905
915
930
990
1120
25.0
25.7
27.4
24.9
26.4
25.5
25.9 
24.4
24.7 
3 1 .0
23.6  
18.6
1.6
Brittle Failure
<5% Plastic Deformation
I! II
5% Plastic Deformation
Effect of Temperature on the Compressive
Strength of Kiruna D Ore
Temperature Mean Compressivg Nature of Failure
°C Strength, Kg/mm^
20 40.4 Brittle Failure
160 37-2
300 30.5 " 1
375 26.7 " "450 25*8 n "
500 23-7 " "610 26.1 " "
700 22.9 M
800 22.7 "900 25.0 " "
1000 15 .0 5% plastic deformation
1050 11.4 " ir
1 1 + 0  0  » " "
TABLE Bo20
Effect of Temperature on the Compressive 
Strength of Conakry Ore
Temperature
°c
Mean Compressive Strength, Kg/mm^ Nature of Failure
20 2+.1 Brittle Failure
195 22.8 t t
240 22.5 t t
310 21.9 t t
+00 23.0 n t
500 22.0 t t
610 25.6 t t
700 25.8 it t
800 25.4 t u j
900 23*0 Brittle Failure precedec 
<5% Plastic Deformatior
1000 7-5 5% Plastic Deformation
1060 0 .9 t 11 t
290..
Effect of Temperature on the Compressive 
Strength of Oxfordshire' Ore
Temperature Mean Compressive Nature of Failure
°C Strength, Kg/mm^
20 27.3 Brittle Failure
215 25.5 " "
300 27.5
420 25.8 "
510 26.9 " "
605 25*3 "
700 26.5 " "
795 24.9 " "
900 26.4 " "
990 30.8 <5% Plastic Deformation
1045 13*9 5% Plastic Deformation
1105 7-3 1
1 150 3*6 " "
TABLE B. 21
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TABLE.B.22
Reduction Atmosphere utilised for the 
Reduction of Stripa Ore
Partial Pressure of Hydrogen atoms
Reduction Reduction to Reduction to Reduction to 
Temperature Magnetite Wustite Iron
0
55 0  0 .’01 -  U O
650 0 .02 0 .77 0.81
750 0.005 0 .4  0.79
850 0.015 0 .3  0 .75
950 0.01 0 .2  0.73
1050 0 .0 15  0.07 0.69
TABLE B.23
Reduction Atmosphere utilised for the 
Reduction of Kiruna D Ore
Partial Pressure of Hydrogen atoms
Reduction Reduction to Reduction to Reduction to 
Temperature Magnetite Wustite Irono0
550 0 .3  -  i ; o
650 0 .25  0 .80 0.81
750 o ; i5  0.75  0.81
850 0.09 0+  0.77
950 0.05  0 .3  0 .76
1050 0.02  0.2  0.75
2 9 2 .
Reduction Afrmosphere utilised for the 
Reduction of Conakry Ore
TABLE B. 24
Partial Pressure of Hydrogen (atoms )
Reduction Reduction to Reduction to Reduction to 
Temperature Magnetite Wustite Iron
°C
5 5 0  0 . 1
650 0.05 0.78
750 0.005 0.6 0.9850 0.02 0.5 0.8
950 0.01 0.27 0.75
1050 0.01 0.15 0.69
TABLE B.25
Reduction Atmosphere utilised for the 
Reduction of Oxfordshire Ore
Partial Pressure of Hydrogen (atoms)
Reduction 11% Reduction 33% Reduction 100% Reduction 
Temperatureo0
650 0.6
750 0:35 0.71
850 0^3 0.6 0.8950 0.2 0.4 0.75
1050 0 . 1  0 . 17  0.7
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Apparent Volume Changes associated with the 
Reduc^on "of Stripa Ore
TABLE B. 26
Apparent VoLume Change %
Reduction Reduction to Reduction to Reduction to 
Temperature Magnetite Wustite Iron
o C
550 + 21.5 - + 9.0
650 + 2619 + 28.4 + 23.5
750 + 32.5 + 22.1 + 16.9
850 + 25.7 + 18.8 + 23.1950 + 18.4 + 17.2 + 22.9
1050 + 23.9 +21.5 + 25,3
TABLE B.27
Apparent Volume Changes associated with the 
Reduction of Kiruna D Ore
Apparent Volume Change %
Reduction Reduction to Reduction to Reduction to 
Temperature Magnetite Wustite Iron
°0
550 + 15.1 -  + 13-7
6 5 0  + 1 4 : 2  + 5 - 3  + 8 . 1
750 + 1 1 : 3  + 4 .4  + 2 .9
850 + 14 .8  + 5 .6  + 5-'8
950 + 28 .2  + 11.7 + 6 .5
1050 + 35-5 + 25.8 + 22.5
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TABLE B.28
Apparent Volume Changes associated with the 
Reduction of"Conakry Ore-
Apparent Volume Change %
Reduction Reduction to Reduction to Reduction to 
Temperature Magnetite Wustite Iron
°C
550 + 1 3 .6 - -
650 + 1 2 .7 + 37-3
750 + 1 5 . 1 + 52.0 + 45:0
850 28.3 + 52:0 47 • 5
950 + 30:1 + 49-4 + 44.0
1050 + 31 *2 + 36.6 + 44.5
TABLE B.29
Apparent Volume Changes associated with the 
'deduction of Oxfordshire Ore
Apparent Volume Change %
Reduction
Temperature 11% Reduction 33% Reduction 100% Reduction 
°0
650 - 0.6 - 0.31
750 - 1.3 - 0.6
850 -1.7 - 1:3 - 2.2950 - 2.4 - 2.2 - 3-7
1050 - 1.9 ~ 2.5 - 3.9
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TABLE B,30
Effect of Reduction on the Compressive
Strength of Stripa Ore~
(a) Reduction of Hematite to
Reduction Mean Gompressiye Nature of Failure
Temperature 
°C
550 2.6 Brittle Failure
650 1.3 "750 1.4 " "
850 7 .9  "950 8.4 <5% Plastic Deformation
1050 1.2 5% Plastic Deformation
(b) Reduction of Hematite to Wustite
Reduction Mean Compressive Nature of Failure
Temperature Strength Kg/mm2
°C
650 5.8 Brittle Failure750 4.3 <5% Plastic Deformation
850 3.0 5% Plastic Deformation
950 2.5 "
1 0 5 0  1 . 8  " "
(c) Reduction of Hematite to iron
Reduction Mean Compressive Nature of Failure
Temperature Strength Kg/mm2
°C
550 3*0 Brittle Failure
650 1.1 <5% Plastic Deformation
750 0.9 5% Plastic Deformation
8 5 0  1 . 2  ” «
950 1.9 1 M
1050 0 .6  11 ,r
2 9 6 .
TABLE B.31
Effect of Reduction on the Compressive
Strength of Kiruna D Ore
(a) Reduction of Hematite to Magnetite
Reduction
Temperature
°0
Mean Compressive Strength Kg/mm^ Nature of
550 5.6 Brittle .650 11.5 11750 10.9 tr850 11.0 it950 10.0 <5% plastic
1050 1.2 5%
(b) Reduction of Hematite to Wustite
ReductionTemperature
Mean Compressive Strength Kg/mm^ Nature of
°C
650 12.4 <5% plastic
75 0 11.4 11850 7.7 5% plastic
950 4.0 n
1050 0.8 11
(c) Reduction of Hematite to Iron
Reduction
Temperature
Mean Compressive 
Strength Kg/mm Nature of°C
550 2.3 <5% plastic650 4.0 TI
750 5.5 5% plastic850 2.6 ti950 1.0 it
1050 0.5 11
TABLE B.5;
Effect of Reduction on the Compressive
Strength^ of Conakry Ore
(a) Reduction of Hematite to
ReductionTemperature°C
55 0
650
750
850
950
1050
Mean Compressive Strength Kg/mm2
5.1 
4.'5 
8 .6  
8. 8
8.2  
1 04-
Nature of Failure
Brittle Failure
5% plastic deformation
(h) Reduction of Hematite to Wustite
Reduction
Temperature
°0
650
750
850
950
1050
Mean Compressive Strength Kg/mm2
1.5
0.7
0 : 70.5
0 . 6
Nature of Failure
5% plastic deformation
n  tr
(c) Reduction of Hematite to Iron
Reduction
Temperature
°0
550*
6 5 0 *
750*
850
950
1050
Mean Compressive 
Strength Kg/mm2
0.7
o ; 6 5
0 I 6
0 i 6
0.5
0.6
Nature of Failure
5% plastic deformation
* reduction carried out at 850°0
Effect of Reduction on tlie Compressive 
Strength of Oxfordshire Ore
(a) 11% Reduction
TABLE B.55
Reduction Mean Compressive Nature of Failure
Temperature Strength Kg/mnM-
°0
650 16.1 Brittle Failure
750 20 .3  " "
8 5 0  2 1 . 8  " "
950 19*5 5% plastic deformation
1050 4 .8  ” "
(h) 35% Reduction
Reduction Mean Compressive Nature of FailureTemperature Strength Kg/mm^
°C
650 23.7 .Brittle Failure
750 22.6 <5% plastic'vdef6rmation850 14.8 5% plastic deformation
950 6.4 " 1 ‘
1050 3*6 ,T "
(c) 100% Reduction, i.e. to Iron
Reduction Mean Compressive Nature of Failure
Temperature Strength Kg/mrn^
°C
550* 15*1 Brittle Failure
650* 16.5 11 n
750* 14.4 " «
850 11.5 <5% plastic deformation
950 9.5 5% plastic deformation1050 5.2 " "
* reduction carried out at 850°0
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T em pera tu re  °C 
F i g . 3 The e f f e c t  o f  r e d u c t io n  011 th e  com press ive  
s t r e n g t h  o f  s i n t e r e d  h e m a t i te
302
Tem pera ture  °C 
F i g , 4 The e f f e c t  o f  r e d u c t io n  on th e  com press ive
s t r e n g t h  o f  h e m a t i te  w i th  15 % ca lc iu m  s i l i c a t e  
s l a g  a d d i t i o n
Tem pera ture  °C 
F ig * 5 The e f f e c t  o f  r e d u c t io n  011 th e  com press ive  
s t r e n g t h  o f  h e m a t i t e  w i th  15% ca lc iu m  mono- 
f e r r i t e  s l a g  a d d i t i o n
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Fig. 6 High temperature compression machine
305.
G t. o
Q
L
------------------- C H L D ------- :--------
A. Motor
B. Speed Variator 
C Gearbox
D. Couplsig
E. Screw Jack 
F Bellows
G O Ring Seals 
H. Furnace 
I Thrust Columns 
J. Specimen 
K. Thermocouple 
L. Load Cell 
M. Flange (water cooled1 
N Gas Inlet 
O Gas Outlet 
P - Heating Elements 
Q  Steel Balls 
R Locking Nuts 
S Ground Colutims
T Furnace Tube
U Counterweights
H
Fig. 7 Apparatus for measurement of hot compressive 
strength.
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Fig* 8 Lower thrust column and load cell assembly
Steam Generator 
Preliminary Preheating Coil 
Constant Pressure Valve 
Heating Chamber 
Steam Preheating Coil 
Furnace'Tube 
Thermostat 
Steam Flowmeter 
Argon Flowmeter 
Hydrogen Flowmeter 
Gas Drying lowers 
Catalytic Deoxidizing Unit 
Gas Valves
o-
M M-
Fig. 9 Apparatus for producing reducing atmospheres
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A. Automatic Balance
B. Extended Yoke
C Slate Support Plate 
D. Suspension Wire 
E Specimen
F. Furnace
G. Heating Elements
H. Furnace Tube
I. Conical Gas Valve
J. Hydrogen Flowmeter 
K. Argon Flowmeter 
L. Retractable Base Plate 
M. Thermocouple 1\ .
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Fig.10 Thermo-g rav im etric  balance
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Fig_.il Reduction rates for stripa ore using a hydrogen/
argon reduction atmosphere
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Pig.12 Reduction rates for kiruna ore using a hydrogen/
argon reduction atmosphere
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— Hydrogen p a r t i a l  p r e s s u r e  0 ,1  a tm os.
-  Hydrogen p a r t i a l  p r e s s u r e  0 ,5  a tm os.
3 L /m in .
100 • 200 300 400
Time (m in u tes )
The e f f e c t  o f  gas flow  r a t e  and p a r t i a l  p r e s s u r e  o f  
hydrogen on th e  r e d u c t io n  r a t e  o f  k i r u n a  o re  a t  
550°C u s in g  a h y d ro g en /a rg o n  r e d u c t io n  a tm osphere
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Fig#14 Reduction r a t e s  f o r  Conakry  ore using a hydrogen/
argon reduction atmosphere
P
er
ce
nt
ag
e 
R
ed
u
ct
io
n
313.
Time (m in u tes )
jFig#15 The e f f e c t  o f  gas flow  r a t e  and hydrogen p a r t i a l
p r e s s u r e  on th e  r e d u c t io n  o f  Conakry o re  a t  550°C 
u s in g  a  h y d r o g e n /a r g o n . r e d u c t io n  a tm osphere
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Fig.17 ' Reduction rates for stripa ore using a hydrogen/
steam reduction atmosphere
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Fig*l8 Reduction rates for kiruna ore using a hydrogen/
steam reduction atmosphere
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Fig«19 Reduction rates for Conakry ore using a hydrogen/
steam reduction atmosphere
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Pig.20 Reduction rates for Oxfordshire ore using a hydrogen/
steam reduction atmosphere
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Figo2l Reduction rates for stripa ore using a hydrogen
only reduction atmosphere
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Fig.22 . Reduction rates for kiruna ore using a hydrogen
• only reduction atmosphere '
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Fig*23 Reduction rates for Conakry ore using a hydrogen
only reduction atmosphere
Fig.2+ Reduction rates for Oxfordshire ore using a
hydrogen only reduction atmosphere
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Fig.25 Reduction rates for micaceous hematite concentrate
using a hydrogen only reduction atmosphere
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o O x fo rd s h i re
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Fig*26
5  1 0  1 5
4 -
. Time a
P e rc e n ta g e  r e d u c t io n  v e r s u s  th e  s q u a re  r o o t  o f  
r e d u c t io n  tim e f o r  r e d u c t io n  t e s t s  u s in g  a h y d ro g e n /  
a rgon  r e d u c t i o n  a tm osphere
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Time ^ .
P e rc e n ta g e  r e d u c t io n  v e r s u s  th e  sq u a re  r o o t  o f  
r e d u c t io n  t im e  f o r  r e d u c t io n  t e s t s  u s in g  a  h y d ro g e n /  
s team  r e d u c t io n  a tm osphere
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The e f f e c t  o f  r e d u c t io n  and te m p e ra tu re  on th e  
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F i g *33 The e f f e c t  o f  r e d u c t io n  and te m p e ra tu re  on th e
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F i g . 34 The e f f e c t  o f  r e d u c t io n  and te m p e ra tu re  on th e
compressive strength of Oxfordshire ore compacts
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Tem perature  °C
F i g . 33 A pparen t volume changes a s s o c i a t e d  w ith  th e
r e d u c t i o n  o f  s t r i p a  o re  compacts
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F i  g o  6 A pparen t volume changes a s s o c i a t e d  w i th  th e
r e d u c t io n  o f  k i r u n a  o re  compacts
Fig.37
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A pparen t volume changes a s s o c i a t e d  w i th  th e  
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F i g . 38 A pparent volume changes a s s o c i a t e d  w ith  th e
r e d u c t io n  o f  O x fo rd sh ire  o re  compacts
1100
F i g . 3 9 . S t r i p a ,  a s - s i n t e r e d  (X 1 2 0 ) .
F i g . 4 0 .
F i g . 4 1 . S t r i p a ,  s t r e n g t h  t e s t  a t  room  t e m p e r a t u r e  (X
4 8 0 ) .
3 0 0 ) .
338.
F i g . 4 2 .  S t r i p a  s t r e n g t h  9 9 0 °C , n o rm a l  l i g h t  (X 1 2 0 ) .
F i g . 4 3 .  As a b o v e ,  p o l a r i s e d  l i g h t  (X 120).-
■i
_
F i g . 4 4 .  P a r t i a l  r e d u c t i o n  o f  S t r i p a  t o  m a g n e t i t e  a t  550°C 
(X 6 0 C ) .
339.
F i g . 4 5 .  P a r t i a l  r e d u c t i o n  o f  S t r i p a  t o  m a g n e t i t e  a t  750°C . 
(X 6 0 0 )
F i g . 4 6 .  P a r t i a l  R e d u c t i o n  o f  S t r i p a  t o  m a g n e t i t e  a t  9 5 0 ° 0 .  
(X 6 0 0 )
Fig.47. Partial reduction of Stripa to magnetite at 950°C,
showing the effect of the presence of a twin,(X 1000)
340.
F i g . 4 8 .  K i r u n a  D, a s  s i n t e r e d  (X 1 2 0 ) .
F i g . 4 9 .  K i r u n a  D, s t r e n g t h  t e s t  a t  room  t e m p e r a t u r e ,  (X 2 4 0 ) .
Fig.50. Kiruna D, strength test at 1050°C, (X 120).
341.
F i g . 51* P a r t i a l  r e d u c t i o n  o f  K i r u n a  D t o  m a g n e t i t e  a t  5 5 0 °C. 
(X 6 0 0 )
F i g . 5 2 .  P a r t i a l  r e d u c t i o n  o f  K i r u n a  D t o  m a g n e t i t e  a t  7 5 0 °C, 
(X 6 0 0 )
Fig.53. Partial reduction of Kiruna D to magnetite at 950°C,
(X 600)
342.
F i g . 5 4 . R e d u c t i o n  o f  K i r u n a  t o  m a g n e t i t e  (X 3 0 0 ) .
F i g . 55 R e d u c t i o n  o f  K i r u n a  t o  m a g n e t i t e  a t  1 0 5 0 °C, 
f o l l o w e d  b y  s t r e n g t h  t e s t s ,  (X 30 0 )
Fig.56,
aaill&SsSSL''h /  ~
C o n a k ry  o r e ,  a s  s i n t e r e d  (X 12 0 )
343 .
F i g . 57-
F i g . 5 8 .
Fig.59.
C o n a k r y ,  a s  s i n t e r e d ,  ( p o l a r i s e d  l i g h t ,  X 4 8 0 )
a* ^  J
^  -r -A
C o n a k ry  a f t e r  s t r e n g t h  t e s t  a t  8 0 0 °C (X 300)
Partial reduction of Conakry to magnetite at 550°C,
(X 600)
344.
F i g . 6 0 .  P a r t i a l  r e d u c t i o n  o f  C o n ak ry  t o  m a g n e t i t e  a t  7 5 0 °C, 
(X 2 0 0 )
F i g . 6 1 .  P a r t i a l  r e d u c t i o n  o f  C o n ak ry  t o  m a g n e t i t e  a t  9 5 0 °C, 
(X 9 6 0 )
Fig.62. Reduction of Conakry to magnetite at 620°C, (X 300)
F i g . 6 3 .  O x f o r d s h i r e ,  a s  s i n t e r e d ,  (X 4 8 0 )
F i g . 6 4 .  O x f o r d s h i r e  s t r e n g t h  t e s t  a t  room  t e m p e r a t u r e  (X 30 0 )
Fig.65. Oxfordshire strength test at 1040°C, (X 120)
346.
F i g . 6 6 . O x fo rd sh ire  a f t e r  11% re d u c t io n  a t  620°C, e tc h e d  in  
H F ., (X 300)
F i g .67 . O x fo rd sh ire  a f t e r  11% re d u c t io n  a t  750°C, e tc h e d  in  
H F .9 (X 3 0 0 )
Fig.68. Oxfordshire after 11% reduction at 950°C, etched in
H F.y (X 300)
Fig.69. Partial reduction of Stripa to wustite at 750°C,
etched inHF,, (X 600)
F i g . 7 0 .
F i g . 7 1 .
R e d u c t i o n  o f  S t r i p a  t o  w u s t i t e  a t  9 5 0 °C, f o l l o w e d  
s t r e n g t h  t e s t ,  e t c h e d  i n  H F . ,  (X 3 0 0 )
Partial reduction of Kiruna to wustite at 750°C,etched in HF,, (x 600)
Fig.72. Partial reduction of Kiruna to wustite at 850°C,
etched in HF., (X 600)
P i g . 73* R e d u c t i o n  o f  K i r u n a  t o  w u s t i t e  a t  1 0 5 0 °C, e t c h e d  i n  
H F . ,  (X 6 0 0 )
Fig.7+. Reduction of Conakry to wustite at 750°C, etched in
HF., (X 480)
349.
F i g . 75* R e d u c t io n  o f  C o n a k ry  t o  w u s t i t e  a t  1 0 5 0 °C, e t c h e d  
i n  H F . , (X 4 8 0 )
F i g . 7 6 .  R e d u c t io n  o f  C o n ak ry  t o  w u s t i t e  a t  750°C , sh o w in g  
f o r m a t i o n  o f  s h e l l s ,  e t c h e d  i n H F . ,  (X 9 6 )
Fig.77* Oxfordshire after 33% reduction at 750°C, etched in
HF., (X 300)
350.
F i g .78. O x fo rd sh ire  a f t e r  33% re d u c t io n  a t  950°C, e tc h ed  in  
H F ., (X 300)
F i g .79 . R ed u ctio n  o f S t r ip a  to  i r o n  a t  750°C, fo llo w ed  by 
s t r e n g th  t e s t ,  (X 240)
Fig.80. Reduction of Stripa to iron at 1050°C, followed by
strength test, (X 240)
351.
F i g . 8 1 .  R e d u c t i o n  o f  S t r i p a  t o  i r o n  a t  500°C , h y d ro g e n  o n l y  
r e d u c i n g  a t m o s p h e r e ,  (X 6 0 0 )
F i g . 8 2 .  R e d u c t i o n  o f  S t r i p a  t o  i r o n  a t  7 0 0 °C, h y d ro g e n  o n l y  
r e d u c i n g  a tm o s p h e r e  (X 6 0 0 )
Fig.83* Reduction of Kiruna to iron at 750°C, followed by
strength test, (X 600)
Fig.84. Reduction of Kiruna to iron at 950°C, followed by
strength test, (X 600)
F i g . 8 5 .  K i r u n a  a f t e r  15% r e d u c t i o n  a t  6 0 0 °C, h y d r o g e n  o n l y  
r e d u c i n g  a t m o s p h e r e ,  (X 6 0 0 )
Fig.86. Reduction of Kiruna to iron at 1000°C, hydrogen onlj
reducing atmosphere (X 500)
Fig.87. Reduction of Conakry to iron at 1050°C, followed by
strength test, (X 600)
F i g . 8 8 . C o n a k ry  a f t e r  15 % r e d u c t i o n  a t  5 0 0 °C , h y d ro g e n  
r e d u c i n g  a t m o s p h e r e ,  (X 6 0 0 )
F i g . 8 9 . Reduction of Conakry to iron at 1000°C, hydrogen only
reducing atmosphere, (X 600)
F i g . 9 0 .  R e d u c t i o n  o f  O x f o r d s h i r e  t o  i r o n  a t  8 5 0 °C , f o l l o w e d  
b y  s t r e n g t h  t e s t ,  (X 3 0 0 )
F i g . 9 1 .  R e d u c t i o n  o f  O x f o r d s h i r e  t o  i r o n  a t  1 0 5 0 °C , f o l l o w e d  
b y  s t r e n g t h  t e s t ,  (X 3 0 0 )
Fig.92. Reduction of Oxfordshire to iron at 1000°C, hydrogen
only reducing atmosphere, (X 600)
